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Simplified Process 


A method and apparatus are described for measuring 
electrical conductivity of steam from boilers and vapor 
from evaporators. The stainless-steel capillary sampling 
line throttles the flow and condenses part of the sample 
by radiation, normally requiring no cooling water. The 
condensed part of the sample is kept at the boiling point 
and continuously swept by uncondensed vapor so that 
gases cannot go into solution. No reboiling or degassing 
is required. Design and operating details are given, 
based upon successful operation for many months, with 
no attention or adjustment required. 


HE problems of measuring accurately the dissolvable solids 

in steam by conductivity methods have been solved with 

varying degrees of success by a number of different testing 
procedures. The objective has been to measure only the dis- 
solved solids which are contained in the condensed steam. The 
basic principle upon which the conductivity method depends is to 
collect a representative sample of the steam and to process the 
sample in such a manner that the conductivity of the steam con- 
densate can be measured without interference from dissolved 
gases or impurities picked up in the sampling and testing appara- 
tus. Frequently, conductivity recorders are used to show the 
changes which take place in steam quality under various boiler 
operating conditions. 

Many papers have been published in the technical press and in 
the proceedings of societies describing the apparatus used and the 
results obtained under varying operating conditions (1 to 5).* 

The most troublesome of ail the problems involved in the 
measurement of steam contamination by electrica] conductivity 
is that of preventing gas contamination or degassifying a contami- 
nated sample. Because dissolved gases often combine chemi- 
cally with the condensate, the best solution for this problem is to 
prevent the initial contamination of condensate as it is formed in 
the sampling and measuring system. This result can be accom- 
plished if the steam sample is drawn off at high velocity in such a 
manner that the exposed surfaces of the condensate particles are 
scrubbed thoroughly by steam passing through the sampling tube. 
If this passage is at high velocity, condensate particles clinging to 
the wall of the tube and those torn from the wall of the tube by the 
steam, all tend to lag behind steam flowing through any increment 
of the sampling line. This assures that the exposed surfaces of 
all condensate particles are st or very close to the boiling point for 


' Consulting Chemical Engineer, Baltimore, Md. Fellow ASME. 

? Assistant Superintendent, Rochester Gas & Electric Corporation, 
Rochester, N. Y. Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of the 

paper. 
Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and the Power Division and presented at the Annual Meeting, 
New York, N. Y., November 26-December 1, 1950, of Tae American 
Society oF MECHANICAL ENGINEERS. 

Nore: Stat s and op advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Manuscript received at ASME Headquarters, October 9, 
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the pressure established at any particular point in the sampling 
line. Fig. 1 shows the apparatus required for sampling and col- 
lecting and measuring the specific conductivity of condensate 
without gas contamination. 

The sample enters a standard sampling nozzle in the steam 
main, passes through a high-pressure stainless-stee! gate valve and 
into a sampling line of stainless-steel capillary tubing which Fig. 
1 shows in the form of acoil. Actually, this tubing may be 50 to 
150 ft long, since it serves as an orifice to limit the total sample 
flow, and also as an air-cooled radiating condenser which will de- 
liver a mixture of steam and condensate to the apparatus. In 
practice, any excess of sampling line between the nozzle and con- 
ductivity unit is formed into a helix or flat serpentine on a rigid 
mounting. 

The apparatus is designed for use when sampling steam in a 
pressure range from somewhat above atmospheric to extremely 
high pressures, and it discharges at atmospheric pressure. Be- 
cause of constant discharge pressure, automatic temperature 
compensation is not required. The flow of sample to the cell can 
be adjusted by using the proper length of sampling tube or prefera- 
bly by sampling at a rate in excess of the requirements for the 
condensate cel] and passing the excess through a by-pass line to a 
vent as shown in Fig. 1. 

The partially condensed sample of steam and vapor enters the 
condensate cell where the electrical conductivity is measured and 
is finally discharged to waste. The operation of the condensate 
cell is shown schematically in Fig. 2. 

Steam, condensate, and gases enter this cell tangentially and 
while the condensate particles are collected and flow down the 
walls of the condensate cell, their exposed surfaces are being con- 
tinuously scrubbed by steam. Level regulation in this conden- 
sate cell is automatic, particles being thrown from the condensate 
surface out through the discharge pipe. As the condensate sur- 
face approaches the vertical outlet pipe, an orifice is formed caus- 
ing an appreciable pressure drop at the surface of the condensate. 
High turbulence and surface boiling are the results. This not 
only carries away excess condensate, but prevents absorption of 
gases in the condensate that is temporarily collected within the 
cell. The turbulence caused is useful in thoroughly mixing con- 
densate held in the cell. The length of travel through the dis- 
charge passage is sufficient to prevent the diffusion of gases from 
the atmosphere back through the cischarge and into the cell. 
The conductivity electrodes inserted in the condensate cell thus 
measure the specific conductivity of the condensate without the 
effect of gas contamination. The condensate cell in operation is 
shown in Fig. 3. 

This cell is sampling saturated steam from a 1350-psi source 
with the sampling line adjusted to a suitable flow rate. No by- 
pass valve isused. The contamination by boiler-water carry-over 
is about 0.4 to 0.5 ppm. 

The length and size of sampling lines are estimated to a first 
approximation from the graph shown in Fig. 4. However, be- 
fore mounting the sampling line permanently, the total flow and 
steam:condensate ratio should be measured, and the length ad- 


justed if necessary. 
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APPARATUS FoR Measurine Speciric Conpuctivity or HicH-Pressure- 
Steam SaMPLes 


Fic. 2 Diagram SHowinc OPeRATION OF CONDENSATE CELL 


Apparatus For SaAMpLes aT Low PRESSURE 


If the pressure at the sample point is variable, such as in the 
vapor lines from evaporators, the adjustment of water tempera- 
ture to the boiling point may not be automatic, especially if the 
design flow rate is small. Therefore it may be necessary to pro- 
vide additional controls for rate of flow. In extreme cases a 
temperature compensator may be added in the electric circuit 
of the conductivity equipment, such as shown in Fig. 5. In this 
case the temperature-compensating element is placed in the flow 
cell along with the conductivity-dip cell. 

In a typical installation the apparatus would receive the _ 


Fic. Conpensate in OPERATION 


from an evaporator with steam pressure varying from 25 to 10 
psia and discharging the steam and condensate to the first 
heater having a pressure range from 6 to 2.5 psia. Under such 
conditions, and with properly adjusted flow through the system, 
the sampling line and coil will always be considerably above the 
ambient temperature, and the apparatus functions without atten- 
tion throughout the full range of operation. 

At maximum load condition the flow of sample to the conden- 
sate coll i is at od to ion maximum amount possible without ex- 
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posing the electrodes as a result of extreme turbulence. Under 
this condition it is satisfactory if the sample is from 25 to 50 per 
cent condensed. The maximum flow rate for the experimental 
condensate cell is between 8 and 10 lb perhr. If this maximum- 
flow adjustment is made, the device wil] operate satisfactorily at 
light loads. For instance, if the flow were to drop to 3 to 4 Ib per 
hr with condensation in the range of 50 to 75 per cent, there 
would be no change in the recorded conductivity because of this 
flow change. Experiments have demonstrated that a 4-to-1 
change in the rate of sample flow will not affect the conductivity 
measurement. In adjusting the flow, the only requirement is 
that at maximum flow the high turbulence in the condensate cell 
will not expose the electrodes, and that the minimum flow at light 
load will cause surface boiling and sufficient turbulence for level 
regulation in the cell. 

If the pressure of the sample is below that of the atmosphere, it 
is most convenient to use cooling water in order to condense the 
required amount of steam for the conductivity reading. Typical 
apparatus which is used for this service is illustrated in Fig. 6. 

— two conditions, as follows, are required for successful 


je 


| 


(a) A pressure drop across the sampling and measuring system 
sufficient for turbulent flow at fairly high velocity throughout the 
m. 
(6) A cooling agent other than air because the sampling line 
and coil may be close to or below the ambient temperature. 


When operating the device at low absolute pressure, it is satis- 
factory to connect the condensate-cell discharge in a 1'/,-in. iso- 
lated line to the condenser. This permits the condensate cel! to 
operate close to the absolute pressure of the main condenser. A 
suitable source of cooling Water is the condensate or booster-pump 
discharge. This discharge should be reasonably close to the 
vacuum temperature in the main condenser. Connecting the 
conductivity sampling and measuring system in this way, there is 
no possibility of undercooling the sample as the condensate used 
in cooling automatically follows the pressure and temperature 
changes in the main condenser and condensate cell. For this rea- 
son, the quantity of cooling water flowing is not at all critical. 
If any other source of cooling water is used, it is important that 
its temperature and flow be regulated carefully so that a very small 
temperature difference occurs between the cooling water entering 
coil the mixture being admitted to 
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the cell. If this is not done, undercooling of the condensate will 
cause gas absorption in the sample. 

A steam sampling and measuring system was set up on an 
evaporator at Russell Station of The Rochester Gas and Elec- 
tric Corporation to measure the contamination of the discharged 
steam, The evaporator pressure varied between 25 psia and 10 
psia. This installation required the use of condensate for cooling 
the sampled steam. As previously described, the coolant was 
taken from the condenser pump discharge. There have been 9 
months of satisfactory operation, and many calibrations made by 
total evaporation methods. A typical record of the performance 
is shown in Fig. 7. 

The usual carry-over of this evaporator is between 0.2 and 0.35 
ppm. One reason for this low contamination is an operating head 
on the evaporator of only 46 Btu. 


OPERATING Tests 

Early experiments on two installations at 650 psi were carried 
out in February and March, 1948. The range of flow for satisfac- 
tory operation was one of the important experiments. It was 
found that the per cent condensation and also the total flow of 
sample to the cell was not at all critical and that the cell operated 
satisfactorily at high rates of flow up to the point where extreme 
turbulence was still not sufficient to expose the electrodes in the 
conductivity cell. The minimum flow limit was such that sur- 
face boiling occurred in the cell, and there was sufficient turbu- 
lence to throw condensate particles upward through the outlet of 
the cell. 

One of the unexpected difficulties occurring during the early 
stages of experimental work on the apparatus was the diffusion of 
gases through the discharge line into the cell. Cells operating 
with a short discharge, 2 to 4 in. long, recorded conductivities of 2 
to 3 times as great as cells having longer discharge lines. Con- 
necting an 18-in. piece of rubber tubing to the discharge of the 
conductivity cell was sufficient to prevent gas diffusion into the 
cell. Under such conditions, the conductivity record would show 
about 1'/; micromhos. On removal of the rubver tubing, the 
conductivity would immediately increase to 4 to 4'/; micromhos 
and again reduce to 1'/; micromhos when the tube was re- 
connected. This indicated the requirement for a discharge 
sufficiently long to provide a vapor seal against diffusion of 
gases. 

Another series of tests that was conducted over a period of 
several weeks was for the purpose of demonstrating whether or 
not a true sample could be withdrawn from a tee connection on 
the sampling line so that a by-pass line would be permissible in 


Fic.7 Recorp or Conpuctivity or Evaporator Steam at Rus- 


SELL STATION 


adjusting the flow to the condensate cell. In order to do this, 
two cells were connected successively on the same sampling line. 
The total flow of sample was 30 |b per hr. The flow to the first 
condensate cell installed on the sampling line was 5 lb per hr, and 
that to the second cell 3 Ib per hr with 22 lb per hr by-passed. 
The second cell was installed approximately 6 in. from the first 
cell. The cells were calibrated carefully and the electrie circuit 
checked and compared to standards. Over a period of several 
weeks the record of the two cells was in close agreement. A 
record taken during one of the sampling periods is shown in 
Fig. 8. 

Several measurements correlating specific conductivity with 
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total dissolved solids by evaporation are shown in Table 1.¢ , These figures are applicable to steam samples. Table 2 shows 


nductivity measurements were corrected to y a fixed re- » i 
sistance added to the bridge circuit. The values for K are lower than In addition to the test and developmental work described, one 
thezcustomary range of 0.50 to 0.65, because at very low dissolved- of the authors has supervised experimental work with this appara- 
solids concentrations, K does not fall on the curve c = fiL) asdeter- tus in other stations. It was installed to measure the quality of 
mined at high concentrations, where c is equal to the concentration in saturated steam at 600 psig delivered from boilers of a generating 
parts per million and L is the specific conductance. unit, and once the proper sample flow and ——e ra- 


TABLE 1 RATIO BETWEEN TOTAL SOLIDS IN STEAM AND SPECIFIC CONDUCTIVITY 
DETERMINED BY EVAPORATION OF “STEAM SAMPLE TAKEN AT STATION 


Specific Total solids Ratio pecific 
con uctivity, by evaporation, Total volids 
10 ppm Conductivity = K X avg K 
0.57 
0.50 
0.50 ; 0.59 
0.60 


Average ratio = 0.85 = K 


TABLE 2 RATIO had EEN TOTAL SOLIDS IN EVAPORATOR VAPOR AND SPECIFIC CON- 
DUCTIVITY DETERMINED BY EVAPORATION OF CON em toh SAMPLES FROM 
RN APORATOR DISCHARGE AT RUSSELL STATIO 


Specific Total solids Rati Specific Difference 
conductivity, by evaporation, Total solids conductivity +or— 
mho X 10-¢ ppm Conductivity x ave K ppm 

0.70 0.38 0.54 .29 —0.08 


0.60 0.20 33 .25 +0.05 
0.58 0.27 
te 0.24 


0.32 


¥ 
078 0.30 38 


Average ratio = 0.42 = K 
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tio were established, the apparatus has functioned without atten- 
tion. Another of these sampling assemblies was installed at a 
900-psig central station subject to considerable ammonia con- 
tamination and has been operating satisfactorily for about 3 
months, giving readings of 1.0 to 2.5 micromhos. After initial 
adjustment the apparatus has required no attention. 


BIBLIOGRAPHY 

1 “Steam Contamination-III, Determination of Steam Quality,” 
by 8S. T. Powell, Combustion, vol. 9, November, 1937, pp. 25-31. 

2 “Symposium on Problems and Practice in Determining Steam 
Purity by Conductivity Methods,” Proceedings of the ASTM, vol. 41, 
1941, pp. 1261-1340. 

3 “Degasification of Steam Samples for Conductivity Tests,” 
by P. B. Place, Proceedings of the ASTM, vol. 41, 1941, pp. 1302- 
1312; also, Combustion, vol. 13, August, 1941, pp. 31-35. 

4 “An Automatic Degasser for Steam Sampling in Power Plants,” 
by H. M. Rivers, W. H. Trautman, and G. W. Gibble, Trans. ASME, 
vol. 72, 1950, pp. 511-518. 

5 “A New Degasifying Steam Condenser for Use in Conductivity 
Determinations,” by F. G. Straub and E. E. Belson, Trans. ASME, 
vol. 63, 1941, pp. 645-648. 


Discussion 


W.N. Greer.*® This proposed method of steam-purity meas- 
urements is a move in the proper direction in that better results 
should be obtained under conditions which prevent the solution 
of gases in the condensed sample to be measured. Its mere 
simplicity may lead some to question its practicability. The 
answer to this is that it appears to have been proved in practice. 

The lag in this system is materially less than in any of the pre- 
viously devised arrangements for steam-purity measurements. 
The lag in the sample line, under normal conditions, should be 
negligible. With a volume of condensell sample of approxi- 
mately 60 cc in the cell, the theoretical lag, with an instantaneous 
change in dissolved solids of steam being sampled, is approxi- 
mately 2.5 min to record 90 per cent of the change in solids con- 
tent, and 4.5 min to record 99 per cent of the change. In other 
words, with instantaneous change in dissolved-solids content, the 
recorder would almost immediately begin to indicate a change, 
would require about 2.5 min to have recorded 90 per cent of the 
change, and 4.5 min to have practically reached the full value. 

Referring to Tables 1 and 2, the value of A, the factor by 
which the micromho reading is multiplied to obtain ppm, is 
probably affected by errors in determining the dissolved-solids 
content by evaporation. The average value of K often used has 
been 0.6. This value actually is a function of the concentration 
of dissolved solids, being high for high-solids content, and de- 
creasing as the dissolved-solids content decreases. At the lower 
concentrations the relatively high conductance of the hydrogen 
and hydroxy] ions, due to the dissociation of water, become effec- 
tive, and must necessarily result in a lower value for K. 


R. A. Lorenzint.¢ The writer believes that an ‘“ideal’’ de- 
gasser can be defined as one which has the following requisites: 


1 It must remove completely the gases which contribute to 
the conductivity of the condensed-steam sample. 

2 It must be simple, foolproof, and should require little or no 
attention for its operation. 

3 Itshould be reliable and should require little or no mainte- 
nance. 

4 It should be flexible enough to fulfill the requirements of 
representative sampling. 

5 It should be low in cost. 

* Technical Sales, Leeds & Northrup Company, Philadelphia, Pa. 


* Mechanical Engineer, Research Department, Foster Wheeler 
Corporation, New York, N.Y. Jun. ASME. 
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A degasser which has all of these qualifications would be en- 
thusiastically acclaimed by all those interested in steam-purity 
determinations. 

The degasser described by the authors is certainly simple, and 
simplicity and reliability quite often go hand in hand. It is 
claimed that the degasser requires little or no attention once the 
necessary initial adjustments are made and it is certainly a bless- 
ing to have a degasser which does not require continuous compen- 
sations for variations in condensate temperature. While the 
writer has no information on the cost of this degasser, it is be- 
lieved that it will be low. 

The authors have presented no data on the initial and residual 
contents of carbon dioxide and ia. The incl of these 
data would add materially to the value of the paper. 

It appears obvious that any factor which changes the ratio of 
steam and water in the cell will influence the results obtained as 
this will have the effect of diluting or concentrating the sample 
whose conductivity is measured. If the heat transferred from 
the coil or sampling line remains constant, the quality of steam 
condensed also will remain constant. However, if the sampling 
rate is changed the ratio of condensate and steam will also change. 

If the sampling rate is increased, the ratio of condensate to 
steam will decrease and the concentration of salts in the conden- 
sate must ily i On the other hand, if the sam- 
pling rate is decreased, the ratio of condensate to steam will in- 
crease, and the concentration will decrease. 

The same results will be obtained if the sampling rate remains 
constant and the heat transfer to the surroundings changes. To 
illustrate this, assume that the sampling line consists of '/,-in-OD 
capillary tubing 100 ft long and that the sampling rate is constant 
at 40 lb perhr. If there is no air motion relative to the sampling 
line then the heat is transferred from the tubing to the surround- 
ings by free convection and radiation and the over-all heat- 
transfer coefficient will be about 5.4 Btu/(sq ft)(hr)(deg F), and 
the steam condensed will be 12 Ib per hr or 30 per cent of the total 
flow. However, if the air velocity relative to the line is 2 mph or 
only 2.9 fps, the over-all heat-transfer coefficient to the surround- 
ings becomes about 12.5 Btu/(sq ft)(hr)(deg F), and 27.8 lb will 
be condensed or 70 per cent of the steam sampled. Thus the 
concentration of solids will be in the ratio of 2.3 to 1 for these two 
conditions. In order to eliminate this effect, it would be neces- 
sary to shelter the tubing carefully. 

To control the sampling rate the authors recommend that a por- 
tion of the partially condensed sample be diverted from the cell. 
From our experience it is extremely difficult to split a two-phase 
stream into two streams, each having the same proportion of 
steam and condensate. The degree of success depends largely 
upon the ratio of liquid to vapor and also the ratio of the flows in 
the two branches and the orientation of the tee which is used for 
splitting the stream. 

The writer cannot follow the arrangement of cells described by 
the authors where it is said that “two cells were connected suc- 
cessively on the same sampling line’’ with a flow of 5 Ib per hr to 
the first. cell and 3 lb per hr in the second cell and with 22 Ib per 
hr by-passed. The writer would appreciate having the authors’ 
clarification on this point. 


F. G. Srraus.’ The authors of this paper show a simple 
method for measuring the electrical conductivity of steam which 
eliminates the necessity for frequent temperature corrections. 
They show that for the plants tested they have been able to 
obtain a fairly straight curve. However, it is difficult to inter- 
pret their data. 
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In Tables 1 and 2 reports are given on the total solids by evapo- 
ration and the specific conductance as determined with their cell. 
How was the sample obtained for evaporation? The construc- 
tion of the cell is one that apparently does not allow a sample of 
the solution in the cell to be removed without some modification. 
These data merely show that the steam being sampled was free 
from variation in solids. No data are given as to the specific 
conductance of parallel samples determined by means of a stand- 
ard condensing coil or to the possible gas contamination. It 
would be advisable to run tests of this nature. Where conduct- 
ance of steam and condensate are compared for determination of 
condenser leakage, this cell establishes a curve for the steam but 
no similar curve will be available for the condensate. 

It would be desirable to run tests using this type of cell on 
steam which has some contamination with both soluble solids and 
gas, and see how effective it would be. 


H. M. Rivers.* Designed to measure the conductivity of 
steam condensate at its boiling temperature, with minimum 
opportunity for subcooling, the present apparatus embodies two 
very important features: Contaminating gases are sparingly 
soluble under these conditions and are less likely to affect the 
conductivity value; and the conductivity can be measured at 
relatively constant temperature, a decided advantage where con- 
tinuous records are required. The first of these principles has 
been recognized for a long time* and, as a matter of fact, both 
were successfully incorporated in the steam-sampling apparatus 
used by Mumford about a decade ago."* A conductivity-flow cell 
of improved design has been included, as well as certain refine- 
ments which minimize subcooling of the condensate whose con- 
ductivity is being measured; but in all practical regards, the 
present apparatus is about the same as that described by Powell"! 
and by Powell, Bacon, McChesney, and Henry,'* 13 years ago. 

The problem of excluding or removing gases from steam con- 
densate is difficult, but not insuperable. An essential require- 
ment, however, is that much of the original sample must be vented 
away to carry off the contaminating gases. All mineral impuri- 
ties remain in that portion of the sample which is not vented 
off. But data representing the concentration of mineral impuri- 
ties in the gas-free condensate are meaningless unless the weight 
ratio of such condensate to the original sample is accurately 
known. It makes a great deal of difference whether the solids 
are measured in a portion of condensate which corresponds to 
25, 50, or 75 per cent of the total sample; for measured values 
must be multiplied by a suitable factor (0.25, 0.50, or 0.75, re- 
spectively, for the figures just given) to put the data on an original 
sample basis. Therefore, if steam-purity data are to be capable 
of meaningful interpretation—-beyond some rough qualitative 
indication that carry-over is or is not taking piace—the weight- 
ratio of gas-free condensate to total sample must be known, and 
it must remain substantially constant for continuous recording 
of the data. 


* Assistant Director of Engineering Service, Hall Laboratories, 
Inc., Pittsburgh, Pa. 

* “Some Fundamental Considerations of Corrosion in Steam and 
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The foregoing requirement has not been met in the design of 
this apparatus, which makes no provision for measuring continu- 
ously the ratio of gas-free condensate to total steam sample, nor 
does it attempt to control this ratio in any way whatever. The 
authors state that moderate changes in sample flow rate (changes 
comparable to those encountered in actual practice) can alter the 
percentage of condensation by as much as 100 per cent. But 
this necessarily introduces an error of like magnitude in the steam- 
purity data. A 4 to 1 change in rate of sample flow, which the 
authors seem to regard as inconsequential, could put the data 400 
per cent in error, due to the effect this change could have on the 
percentage of condensation. As has been pointed out, reasonable 
changes in the temperature and velocity of air surrounding the 
atmospheric condenser may affect greatly the percentage of con- 
densation and, consequently, the accuracy of the data. Other 
errors of gross and unknown magnitude may be introduced when 
a large amount of partially condensed sample is by-passed around 
the conductivity cell, for here again the condensate being tested 
represents a totally unknown fraction of the original sample. 

Why, then, do the authors find no significant change in con- 
ductivity even though the percentage of condensation—and, con- 
sequently, the concentration of solids in the condensate being 
tested—varies at random over a wide range? Only one logical 


, explanation seems possible; the samples must contain some slight 


but nevertheless significant residual of dissolved gas. The 
amount of mineral impurities present, even when concentrated 
1.5 to 4 times, must be too low to permit accurate measurement 
by conductometric means. The point being emphasized in this 
discussion is that the steam-purity data, when expressed on an 
original sample basis—as they must be for intelligible interpreta- 
tion—may be 50 to 300 or 400 per cent in error, due to uncon- 
trollable and unknown variations in the percentage of condensa- 
tion. It may be interesting, however, to examine the experi- 
mental results to see whether they are consistent with this con- 
clusion. 

Consider, for example, the data in Table 1 of the paper. Pre- 
sumably, on the basis of tests which found the concentrations of 
dissolved gases to be zero or very low, the authors assumed that 
the conductivity values were not influenced by gas contamina- 
tion. This required their assuming, further, that 1 micromho of 
specific conductivity corresponds to about 0.35 ppm of boiler- 
water solids—a “K-factor” considerably lower than expected, as 
the authors recognize. Now, regarding the authors’ explanation 
for this inconsistency, it is true that the ratio of concentration to 
conductivity does decrease as the concentration becomes less. 
But, in the case of boiler-water solids, this d is ‘a- 
tively slight—on the order of only a few per cent at most—and 
could not reasonably account for such a wide discrepancy in 
K-factor values. 

If it is assumed, not without considerable experimental justifi- 
cation, that 1 micromho of specific conductivity corresponds to 
about 0.65 ppm of boiler-water solids in steam condensate, the 
solids values in Table 1 can be divided by 0.65 to give the corre- 
sponding conductivities due to solids alone. The difference be- 
tween these and the measured conductivity values ranges from 
0.57 to 0.93 micromho (0.74 average) and might conceivably be 
due to the presence of dissolved gases, for such is the “gas error” 
attributable to traces of carbon dioxide and/or ammonia barely 
detectable by conventional analytical methods.” Similar treat- 
ment of the data in Table 2 suggests a possible gas error rang- 
ing from 0.09 to 0.36 micromho (0.23 average), which is well 
within the limit of experimental accuracy. It may be pointed 

3 “Determination of Purity of Steam by the Electrolytic-Conduc- 
tivity Method,” by W. B. Gurney, M. C. Schwartz, and T. E. Cros- 
san; discussion by A. Watson, Trans. ASME, vol. 62, 1940, pp. 728- 
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TRANSACTIONS 


out, in this connection, that ammonia is extremely difficult to 
remove from steam condensate, it defies accurate analysis in very 
low concentration, and has a comparatively high conductivity. 

Unfortunately, the authors neglected to include any actual 
data on the amounts of gaseous contamination in either the 
original steam or the samples used for conductivity measurement. 
A sprinter’s running time is meaningful only in relation to the 
distance covered; some reference to influent- and effluent-gas 
concentrations would have enhanced this paper considerably. 
However, data which are available do admit the possibility that 
contamination by dissolved gas may be responsible for a sub- 
stantial percentage of the conductivity. For any given installa- 
tion of the apparatus, it would be reasonable to expect this “low 
minimum gas residual” to stay fairly constant without regard to 
the percentage of condensation; thus, if the amount of mineral 
contamination is slight, wide changes in the percentage of con- 
densation might occur without greatly affecting the conduc- 
tivity. A conductivity record which remains unchanged, despite 
variations of 100 per cent and more in the percentage of conden- 
sation, could hardly be explained in any other way. 

Reference is made to various total-solids values determined by 
evaporation—0.50 to 0.70 ppm in Table 1, and 0.19 to 0.38 ppm 
in Table 2. If these determinations were made on samples 
drawn from the apparatus, as presumably they were, what were 
the corresponding concentrations of solids in the original steam? 
Do these different values represent true variations in steam pur- 
ity, or do they merely reflect changes in the percentage of con- 
densation? 

Equipment designers, plant operators, and water-conditioning 
consultants can use steam-purity data profitably only if those 
data are known to be truly indicative of boiler or evaporator 
operating conditions. The data mentioned in this paper are of 
some relative value, of course, in showing that steam samples of 
very high purity were flowing through the apparatus. Some such 
qualitative indication of steam purity may be entirely adequate 
in those plants where steam contamination is negligible and, in 
which, therefore, no carry-over problem exists-nor is likely to 
occur. But where there is a problem—as evidenced by super- 
heater failures, turbine deposits, excessive trap maintenance, and 
the like—precise, quantitative steam-purity data are prerequisite 
to wise diagnosis and effective application of corrective measures. 


Avutnors’ CLOSURE 


Most of the questions about the operation of the apparatus 
have been thoroughly analyzed during the experimental and 
development stages, covering a period of 1'/, years. This 
work was carried out at several plants. It is not possible to 
cover all these experiments in a paper of reasonable length. 

One of the important causes for the variation in value of K 
is described by Dr. Greer. The values given in Tables 1 and 2 
are all for solid concentrations below 1 ppm, some of them con- 
siderably below, and for this reason, the dissociation of water 
has a very important effect on the value of A. The observed 
conductivity includes both the conductivity caused by dissolved 
solids in the solution and by the hydrogen and hydroxy! ions. 

Mr. Lorenzini asked for information on tests for the initial 
and residual carbon-dioxide and ammonia contents of conden- 
sate passing through the apparatus. Many measurements of 
the efficiency of gas removal were made at Station No. 3 on 
two boilers. Due to a fairly high percentage of make-up, the 
initial CO, in the steam leaving the boilers ranges from 10 to 
14 ppm. Condensate was carefully sampled from the cell 
chamber and analyzed for residual CO, by the standard method 
of the American Public Health Association but using long com- 
parator tubes as described in an earlier paper (12). Results of 
tests in all cases were negative. Samples for determining the 
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residual ammonia content were drawn from the cell chamber at 
a flow rate sufficiently low to permit high turbulence and surface 
boiling within the cell. The samples were collected under Nujol 
and tested for residual ammonia also by the American Public 
Health Association method. No measurable amounts of am- 
monia occurred. The initial content of ammonia in the steam 
from the boilers is usually about 0.2 ppm. This is the equiva- 
lent of 3.1 micromhos. Throughout the year, the ammonia 
content of the steam covers a wide range. In the summer 
months it ranges between 0.2 to a record low of 0.02 ppm. In 
the spring months the ammonia content increases to 0.8 to 
1.0 ppm maximum. Measurements of the residual content of 
ammonia were taken for samples collected in January and 
February at a time when the ammonia content would be in the 
order of 0.2 to 0.3 ppm. Efficient removal of ammonia is also 
cited for a 900 psig central station in the last paragraph of the 
paper. 

The change in sampling rate and steam condensate ratio will 
be discussed later in the closure. 

The tests questioned by Mr. Lorenzini, ‘Two cells connected 
successively on the same sampling line’’ were particularly de- 
signed to demonstrate that representative samples can be drawn 
from a tee connection in high-velocity sampling lines. A simple 
sketch of the test arrangement is shown in Fig. 9. 
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CONDENSATE WASTE —) 
Fic. 9 Test ARRANGEMENT FOR Successive SAMPLING From TEE 
CONNECTIONS IN SAMPLING LINE 


Dr. Straub was concerned with our method of determining 
total solids by evaporation and sampling for such tests. These 
procedures have been developed since early tests in 1936. This 
work was done by Dr. H. E. Bacon, P. B. Place, and Frank 
Henry. In the early stages, two 10-liter block-tin sampling 
cans were made. They have seen considerable use in the past 
15 years and all traces of iron on the inner surface of the cans 
has long since been removed. A description of the evaporating 
apparatus is beyond the scope of this paper but its development 
has been over the same period of time and in its present state 
will give very accurate and consistent results. Due to numerous 
requests, an adequate description of the apparatus and experi- 
ence in its development will be prepared for presentation before 
a suitable group. The sample is fed to an electrically heated 
platinum dish by a ‘“‘chicken-feeder” type of flow regulation that 
holds a fairly constant amount of sample in the dish. Heat 
regulation prevents boiling and the sample is protected against 
overflowing the dish by an electronic relay having a fine-wire 
contact with the condensate surface. Air used to displace the 
sample and remove vapor from the dish is thoroughly cleaned 
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by first p: paming through a large commercial air filter made of 
flannel and then through two successive cotton filters. Air for 
removing vapor is jetted against the fine drawn tip that dis- 
charges the sample into the dish in order to prevent vapor lock 
in the feeding line. The electric heater, platinum dish, feeding 
line, and air lines are glass-enclosed with a water seal at the base. 
A slight negative pressure is drawn on this glass enclosure to 
cause air and vapor removal. At the completion of the sample 
run and before the sample has dried, the platinum dish is re- 
moved and the final drying occurs in an oven. A careful weigh- 
ing of the platinum dish before and after the test run determines 
the solids content of the original sample. The determination of 
total solids by evaporation usually takes about one week. 

He also asked about samples withdrawn from the cell for gas 
analysis. No drains or other similar connections are shown on 
the cell described in the paper. This cell is the result of experi- 
mental and development work and in its present form is for 
practical use and not for further study of the device itself. 
However, in the course of development of the cell, two methode 
for withdrawing samples were used. A short length of small- 
bore glass tubing with a small rubber tube attached was inserted 
into the cell through the cell discharge opening. The small 
tubing was concentric with an 18 in. length of */,-in. rubber 
tubing that formed a vapor seal. In another case, a special cell 
was made wherein a glass by-pass tube was connected below the 
condensate level in the cell chamber and sealed concentrically in 
the glass discharge tube. Again, a small rubber tube was con- 
nected to this glass by-pass inside of a */,-in. tube for vapor seal. 
In both cases, the small-bore rubber tubing, after thorough 
purging, was inserted in the sampling bottle and the sample 
collected under Nujol. The results of tests for gas contamina- 
tion were all negative. Particular care was taken during the 
sampling period to see that the sampling rate did not interfere 
with high turbulence and surface boiling within the cell. Gas 
contamination of the condensate would result if such interfer- 
ence were to occur. 

The authors were not aware of the existence of a standard 
condensing coil for the determination of specific conductivity. 
However, tests of this nature have been run. Over a period of 
more than one year, several carefully calibrated runs were made 
with the sample divided in the manner shown in Fig. 9 where 
one of the conductivity measurements was made with apparatus 
described in an earlier paper (12) and the other sample was 
measured by the apparatus described in this paper. No under- 
cooling of the sample occurred during the test runs with the old 
apparatus and under such conditions, it has efficient degassing 
characteristics. During these tests the new apparatus recorded 
about '/, micromho below the old apparatus, indicating a more 
effective gas removal. The conductivity of steam for these 
tests was in the order of 2 micromhos as measured by the new 
apparatus. 

There would be no difficulty in simultaneously recording con- 
ductivity of a steam sample and that of a condensate sample. 
A simple flow cell would suffice for making the latter measure- 
ment. 

Mr. Rivers refers to earlier work on the recording of steam 
conductivity. The important advantages of the sampling 
method now used were well appreciated in apparatus described 
13 years ago (12). Both the ASME and ASTM have written 
standards for the collection of representative steam samples. 
These standards can only be used as a guide in test work and do 
not guarantee representative sampling. High turbulence in a 
mixture of steam, gas, and dry solids does not lend itself to 
analysis required to establish accurate sampling procedures be- 
cause of segregation that is bound to occur near vortexes, bends, 
and obstructions, 


The authors cannot concur with Mr. Rivers’ statements con- 
cerning sampling. They are: 


(a) “All mineral impurities remain in that portion of the 
sample which is not vented off.” 

(b) “It makes a great deal of difference whether solids are 
measured in a portion of the condensate which corresponds to 
25, 50, or 75 per cent of the sample. .. .”” 

(c) That for meaningful interpretation of steam-purity data 

. the weight ratio of gas-free condensate to total sample 


must be known, and remain substantially constant. . . . 


He is evidently thinking in terms of a totally condensed sample, 
a somewhat different condition from that existing in the method 
described in this paper. Superheated steam consists of dry, wet, 
and vaporized solids, steam, and gases. Even though a satu- 
rated-steam sample is drawn off, the high pressure gradient in 
the small tube causes it to immediately superheat and this con- 
dition exists before sample condensation starts. If particles 
are small enough, it is not possible to drive them against any 
surface. This particle size is in the order of a fraction of a 
micron. This effect has been well established by work on gas- 
turbine blading done by Yellott. So it is reasoned that small 
particles of salts or moisture can pass through the sampling 
tube and conductivity cell without striking any surface or going 
into solution along these surfaces. Moisture particles tend to 
seed out on foreign particles such as dry salts but the moisture 
and dry-salt particles will have to acquire sufficient mass before 
striking any surface in the system. As radiation occurs, some 
of the moisture particles will pass this critical size while others, 
often in concentrated salt solution, never gain sufficient size to 
contact surfaces. The phenomena that occur in a condensing 
sample of steam are certainly very complex and not all subject 
to experimental analysis. It is quite obvious to the author that 
all the salts in the sampling procedure are not caught in the 
condensed sample as stated by Mr. Rivers. It is conceivable 
that these salts are collected in the measuring cell in a manner 
somewhat proportional to the percentage of condensate collected 
This conforms with many observations that have been made on 
one of the boilers at Station No. 3 where many pieces of apparatus 
have been tested at varying sampling rates, radiation constants, 
and lengths of sampling tubing. 

In the past, because of fairly high steam contamination, the 
relationship between specific conductivity and dissolved solids 
was determined by multiplying by a “K-factor” of about 0.6. 
The steam produced by boilers of recent design often has a very 
low contamination. Recent evaporator designs have reduced 
solids carry-over to a range between a '/, and '/; ppm. Besides 
the effect of the dissociation of water, mentioned in the last of 
Dr. Greer’s discussion, other experimental errors add to the 
difficulty of determining the factor K. These include solution 
of various metals and glass used in the storing of samples taken 
for total evaporation, the possible dust contamination of the 
sample in spite of extreme precautions to prevent such con- 
tamination. There are further errors in final drying and weigh- 
ing of the sample. With all these handicaps the conductivity 
apparatus described gives a very sensitive and reasonably accu- 
rate guide to the percentage of dissolvable solids in steam and is 
an excellent monitor for the indication of unsafe operating cop- 
ditions due to carry-over. 

In July, 1950, this apparatus was loaned to the Lummus 
Company to make evaporator tests. During the fall of 1950 
the American Locomotive Company also used this apparatus 
for extensive tests on one of their evaporators. Both these 
companies were well satisfied with the performance of the 
apparatus during the tests. 

It was designed as a practical operating device for the control 
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of turbine-blading deposits and other allied operating difficulties 
that result from steam contamination. A record of the amount 
of influent—and effluent—gas concentration does not bear on 
this operating problem. 
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sample was drawn off close to the steam source so that the radia- 
tion constant of the sampling line was not affected. In all cases, 
conductivity was recorded throughout the entire sampling 
period. 


In all cases, the samples reported on in Tables 1 and 2 were 
samples collected from the original steam source through the 
same tube used for the The 


In view of a considerable amount of successful experience with 
the proper application of this apparatus, the author feels that it 
will prove a wee guide for — operators. 
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The rention of Cracking 


By A. A. BERK,' COLLEGE PARK, MD. 


Data are presented to show that nitrate, quebracho tan- 
nin, and zero-caustic treatment have been applied success- 
fully in stationary plants to prevent cracking in embrittle- 
ment-detector specimens. On one large railroad preven- 
tion of cracking in detector specimens has paralleled a 
spectacular decrease in boiler-seam cracking in locomotive 
engines. The principal conclusion from a survey of crack- 
ing in stationary boilers in the last 10 years is that em- 
brittlement is not a frequent occurrence. 


rosion by caustic solutions which are concentrated from 

the boiler water in contact with the stressed steel of the 
seams. The embrittlement detector* is a device attached to 
a boiler so that partial evaporation and concentration of the boiler 
water takes place on the stressed surface of the test specimen 
which forms part of an especially designed seam. Thus the de- 
tector reproduces closely the conditions in an actual boiler seam 
in which cracking could occur. Development of cracks in the 
small test surface indicates that the boiler water can cause em- 
brittlement failure of such seams in the boiler. 

The embrittlement-detector test (1)? not only will show if an 
unsafe condition exists, but the effect of treatments to prevent 
cracking can be evaluated in terms of test-specimen resistance to 
failure. Many such tests, reported at the Annual Meeting of the 
Society in 1941, confirmed previously obtained laboratory indi- 
cations that the method of chemical control previously available 
for preventing cracking in riveted seams was at best uncertain 
(2, 3, 4, 5, 6); this was the maintenance of the sulphate-alkalinity 
ratios, first recommended in the ASME Boiler Code in 1926, and 
still appearing in the most recent edition of 1949 (7). 

Between 1935 and 1940, three practical treatments were found 
to prevent embrittlement cracking in detector units under labora- 
tory conditions. That two of these treatments should be effec- 
tive had previously been indicated by the results of earlier tests 
published in 1930, by F. G. Straub (8); using a different type of 
apparatus, he found that tannic acid and sodium nitrate, among 
other materials, prevented cracking of his test specimens. The 
effectiveness of organic substances such as tannin and lignin, of 
sodium nitrate, and of eliminating free sodium hydroxide from 
the boiler water by maintaining only the alkalinity corresponding 
to trisodium phosphate has been proved on operating boilers by 
embrittlement-detector tests during the past decade. Results 
reported to the Bureau of Mines through 1949, from approxi- 
mately 2000 such tests obtained with 600 detectors in 500 boiler 
plants have been summarized for this paper. Some 500 addi- 
tional] tests on railroad locomotive boilers are discussed for their 
special significance with respect to nitrate treatment. Also, 26 


cracking results from intercrystalline cor- 


1 Supervising Chemist, Boiler Water Research Section, Bureau of 
Mines. 

2 U.S. Pateuts 2,283,954 and 2,283,955. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and the Power Division and presented at the An- 
nual Meeting, New York, N. Y., November 26—-December 1, 1950, 
of Tue American Society or Mecuanicat 

Nore: Statements and opinions advanced in papers are to be 
understood as individual] exp of their authors and not thgse 
of the Society. Manuscript ne tet at ASME Headquarters, 
October 2, 1950. Paper No. 50—A-84. 


cases of boiler-seam cracking studied during the past 10 years 
provide related information of interest. 


Tests Stationary Borer PLAnts 


In summarizing the embrittlement-detector test data, the re- 
sults have been tabulated to show the effectiveness of nitrate 
(9), tannin (9), and zero-caustic (9, 10, 11) treatments on the 
prevention of cracking of embrittlement-detector test specimens. 
Nitrate and quebracho tannin are inhibitors of intercrystalline 
corrosion in hot concentrated caustic solutions. The zero-caus- 
tic treatment, also called the ‘co-ordinated phosphate’ method 
(11) or the “captive alkalinity’ method (12), prevents formation 
of concentrated solutions of caustic. 

Table 1 shows the number of plants in which preventive treat- 
ment stopped cracking of the test specimens. Of the 500 plants 


TABLE 1 EFFECTIVENESS OF PREVENTIVE TREATMENT* 
Type of 
treatment test specimens 


Plants in which 
treatment stopped 
Nitrate 113 
Tannin 23 100-700 


cracking of 
Zero caustic 14 300- 1200 


= In several instances tannin treatment did not prevent cracking com- 
pletely and the plant changed to nitrate, which was always successful; sero- 
caustic treatment was also always successful. 


from which data were obtained, 113 applied nitrate treatment, all 
successfully; in some instances the minimum nitrate-alkalinity 
ratio‘ required was as high as 0.3. Similarly, 23 plants success- 
fully applied quebracho-tannin treatment; in other plants the 
quebracho-alkalinity ratiot of 0.3 was not sufficient to prevent 
cracking of the test specimens, and in a few instances even 0.4 was 
inadequate, but cracking was stopped completely when such 
plants changed over to nitrate treatment. Fourteen plants have 
reported that cracking of detector specimens stopped when the 
boiler water was treated to contain no caustic alkalinity. The 
pressure ranges given in this table are those reported and are not 
necessarily exclusive; however, it is possible that special condi- 
tions would cause nitrate or quebracho tannin to be unstable at 
the higher pressures in the respective ranges. 

Table 2 contains the over-all summary of individual tests in 
stationary plants; that is, a series of six tests on one boiler are re- 
ported as six tests. The results of tests in which sodium nitrate 
was the principal treating chemical show clearly its effectiveness 
as an inhibitor. In four tests the specimens were reported to be 
cracked when a 0.3 minimum ratio was maintained; but in every 
instance it appeared that the nitrate concentration had been very 
low for a significant period of the test, generally during the early 
days. As already mentioned, quebracho extract has not been as 
effective as nitrate; however, the ratio of cracked to total speci- 
mens is good compared to results with no treatment. As would be 
expected, when the boiler water contained no free caustic crack- 
ing did not result. Most of the tests proving the effectiveness of 
nitrate and zero-caustic treatments were run for 90 days or more, 
some as long as a whole year. 

Because of the interest for a quarter of a century in the sul- 
phate-alkalinity ratios, the data for pressures to 250 psi were re- 


‘Sodium nitrate or quebracho tannin to alkalinity (sodium car- 
bonate plus sodium ee as sodium —— all ratios on a 


wes 
Pe. 
— 
ry 
| 
¥ 
qs 
= 


TRANSACTIONS OF THE ASME 


TABLE2 OVER-ALL SUMMARY OF STATIONARY PLANT TESTS WITH EMBRITTLEMENT | 
DETECTOR 


———Specimens not cracked -—— 


30 days 60days 90 days 
chemic or more Total 


Principal testing 
hi al 


Sodium nitrate> 140 
ebracho extract. 46 
ro caustic..... ae 7 21 
None of foregoing? oo 100 


ost? A ratio of sodium nitrate or quebracho tannin to alkalinity (carbonate plus hydroxide) as NaOH of 


> Includes tests in which the boiler water had a high natural nitrate concentration. hae ome Seas ut 
reasons for believing that the nitrate concentrations had not been maintained at the : 
'y days of the test; no cracks resulted when the tests were repeated 
under more careful supervision, sometimes with somewhat bighe f nitrate-alkalinity ratios. 
i not cracked whe 
igh concentration a tannin-type organic matter from 7 sources. 


© There were 


liy during the earl 


m hydroxide,” or high o 
for, which the analytical data were incomplete. 
* 586 cracked in a total of 984 (60 per cent), 


porenane 57 tests were found for which the sulphate-carbonate 
ratios recommended in Section 7 of the ASME Boiler Code were 
satisfied, caustic soda was present, and nitrate or tannin was not 
present in significant amounts. Cracking resulted in 39 of these 
tests, which is approximately the frequency of failure in the group 
of tests representing no treatment. In contrast, there were no 
failures when the concentration of free caustic was zero, fewer 
than 1 per cent when the water was treated with nitrate, and 
fewer than 8 per cent when quebracho-tannin treatment was 
used. 

The table contains 984 tests for which the boiler water was not 
treated by one of the three methods listed. Approximately 50 
test specimens not cracked in this group were tested with water 
known to contain a high concentration of tannin-type organic 
matter from natural sources, or silica at least equivalent to other- 
wise “free sodium hydroxide,” or high concentrations of sodium 
chromate. About 60 tests were not included in the table because 
the tests were known to be too poorly run or because no informa- 
tion was available for the conditions under which the tests were 
run. Nearly 200 of the 398 specimens recorded as “not cracked” 
were included in the summary because some, data were available 
or because it was not known definitely that the test was improp- 
erly conducted. 

In addition to presenting the totals of cracked and uncracked 
specimens for each type of treatment, Table 2 also classifies the 
tests as having been run 30, 60, or 90 days. The longer tests are 
regarded as more significant, especially as it has been demon- 
strated that false conclusions might be drawn when failure did not 
occur in the shorter test periods (11). The standard method of 
test (1) provides for 30, 60, and 90-day runs to reduce this uncer- 
tainty. 

In a summary made in 1942 (9), an analysis of the significance 
of a negative test showed that for runs of 30, 60, and 90 days, the 
chances that an embrittling water would cause failure in the 
specimens were, respectively, 68, 84, and 95 in 100. A similar 
analysis has now been made of approximately 800 tests for which 

the boiler water presumably was not treated and had caused at 
least one of a series of specimens to crack. Probably because the 
earlier analysis was made on tests run under relatively close super- 
vision by the Bureau of Mines laboratory and over-all control of 
the tests run since 1942 has been less uniform, a considerable de- 
crease in test accuracy has been found for 60 and 90-day tests. 
Several of the plants started test programs with 60 or 90-day runs 
and found no cracking; then, having learned how to operate the 
unit properly, they discovered a second test specimen to be 
broken in two in 15 or 20 days. The latest analysis shows the 
probability of cracking by an embrittling water in 30, 60, or 90 
days to be 79, 74, and 88 in 100, respectively; if the approxi- 
mately 200 tests for which the date are incomplete were exeluded 


imens crack — 
inhibitor ratio 
30 days 60days 90 days 
or more 
1 1 
4 4 6 


the boiler water was known to contain a 
from the compilation, it is estimated that these figures would be- 
come 86, 90, and 96, respectively. On the other hand, the per- 
centage values would be somewhat lower if an allowance were 
made for uncracked specimens excluded from the analysis incor- 
rectly; for example, in some boilers the water may possibly have 
been potentially embrittling although no cracking resulted in any 
of the tests that were made. 


. silica equivalent to or greater than 
of sodium chromate; also includes many tests 


Tests on CuesaPeaKe & Onto Rartway System Locomotive 
Borers 


Boiler-seam cracking was a very serious problem on the Chesa- 
peake & Ohio Railroad during the period 1930 to 1940. Nitrate 
treatment was introduced in 1941 (13, 14) and has been extended 
to cover the entire system. Table 3 shows that failures have been 
essentially eliminated, and cracks were found in only one engine 
of the hundreds examined in 1949. Boilers are inspected every 4 
years during outages for classified repairs, and almost all of the 
cracks found since 1944 have been described as “‘insignificant and 
possibly missed during previous 4-year inspections.” 

The embrittlement detector has been used at 18 principal ter- 
minals to test the effectiveness of the preventive treatment. The 
last column in Table 3 shows that the decrease in the number of 
cracked specimens preceded or paralleled the decrease in boiler 
cracking. The improvement effected by nitrate treatment is 
brought out even more clearly in Table 4, which compares the 
number of cracked specimens in relation to the total tested during 
the prenitrate, concentration-adjustment, and nitrate-treatment 
periods. The latter group of tests averaged considerably more 
than 120 days each and produced no severe cracking. 

Experience has shown that embrittlement cracks in locomotive 
boilers occur most frequently along the major axis of the elliptical 
deformation produced in the boiler shell by the service road 
stresses. Probably the metal in such deformed areas is subjected 
to considerably higher stress than is usual in stationary-boiler 
seams. In any case, it has been found advisable to set the mini- 
mum sodium nitrate-alkalinity ratio at 0.4 to prevent embrittle- 
ment failure in locomotive boilers. 

Despite the higher ratio, the cost of nitrate treatment on the 
C & O in 1949 was less than $20 per locomotive per year, or 40 
cents per million gross-ton-miles in terms of service. 


Borter-Seam CRACKING IN STATIONARY PLANTS 


Twenty-six cases of cracking of stationary boilers were investi- 
gated by the author during the period 1942 through 1949; of 
these, 24 could be definitely called “embrittlement” because the 
cracks were intercrystalline. The boilers ranged in size from a 
riveted, downdraft, horizontal-firebox steam generator producing 
1400 Ib per hr at 50 psi to several welded-drum water-tube boilers 


_ producing more than 100,000 Ib of steam per hr at 630 psi. Two 
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Steam locomotives only. 
Includes slightly cracked test specimens. 
© Organic treatment begun. 

4 Nitrate treatment substituted for organic treatment. 


TABLE 4 TESTING ON THE 


Period 
Before nitrate treatment? anew 
Early nitrate treatment>........... 163 17 
1944-1949, inclusive....... 7¢ 


Specimens tested 
104 


Specimens eracked 
38 


@ Includes tests of tannin-type organics. 
» Period of adj i concentrations. 
¢ Almost every crack was small and shallow. 


boilers at one plant developed intercrystalline cracking in tube 
seats about 30 days after they were placed in service; 10 boilers 
were 20 to 25 years old. At six of the plants the boiler drums were 
welded; the others were riveted with internal, external, or com- 
bined calking. Cracks were found in butt straps, drum metal, 
tube seats, and tube ligaments. Methods of water conditioning 
ranged from no treatment at all to substantially complete removal 
of all dissolved and suspended material. 

In no instance was nitrate or a tannin-type inhibitor present 
in concentrations shown by embrittlement-detector tests to pre- 
vent cracking of test specimens. In 10 of the plants embrittle- 
ment-detector test results were available, and all confirmed the 
dangerous quality of the boiler water. In four instances test 
specimens failed before the cracks in the boiler seams were found. 

The effectiveness of the sulphate-alkalinity ratios cannot be 
scientifically proved or disproved by the relatively crude data ob- 
tainable. Five of the plants, of which four were operated at 
pressures below 400 psi, maintained ratios at the time of the 
failures; however, none of the plants had complete data to show 
that the ratios had always been maintained. In one plant a large 
number of tubes were lost in a cross-drum straight-tube boiler 
operated at 180 psi. Eighteen months after the boiler was re- 
tubed, cracking was found in the seats of the new tubes between 
the drum and the rear header; during this period the plant used 
sulphate treatment, but some of the ratios of sulphate to alkalin- 
ity were as low as 1.5. Most of the other plants adopted nitrate 
treatment and their embrittlement troubles did not recur. 

Two boilers operated at 615 to 630 psi lost about 15 tubes owing 
to embrittlement cracking. To date, this is the highest pressure 
at which boiler-seam cracking has been reported. However, the 
first failure occurred only 28 days after the boilers were placed in 
service, and the trouble may have started when the new boilers 
were boiled out for 48 hr or longer with relatively strong caustic 
soda. Nitrate treatment has stopped embrittlement cracking at 
this plant. 
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R. C. Barpwe.i.* The summary of the studies and work on 
prevention of embrittlement cracking as presented in this paper 
is of considerable interest and indicates careful study and check 
of the conditions influencing this trouble, and results secured. 

This study is of special interest to the railroads. Trouble from 
embrittlement cracking was first reported by the Chicago and 
North Western Railway in 1912, and caused considerable con- 
cern and expense during the following 15 years, until experience 
had demonstrated the efficiency of certain organic inhibitors 
which are still in use by that company. This trouble was fol- 
lowed by similar cracking on other railroads and by an epidemic, 
of cracked boiler courses on The Chesapeake & Ohio Railway, 
beginning about 1930. Studies reported by Straub at the Uni- 
versity of Illinois which resulted in adoption of recommendations 
for a sulphate-alkalinity ratio for protection as shown in the 
Section entitled “Suggested Rules, Care of Power Boilers” of the 
ASME Boiler Code did not appear to be in line with steam- 
boiler experience on railroads. 

Railroad water conditions are followed up closely by the 
Water Service Committee of the American Railway Engineering 
Association, which is composed of membership in charge of 
water supplies on most of the large railway systems in the coun- 
try, so that information is available from a wide territory and is 
not confined to local conditions. Railroad experience indicated 
that most of the embrittlement cracking occurred in territories 
carrying comparatively high sulphate ratios; maybe not as high 
as the ASME recommendations. However, practically no crack- 
ing was being experienced in territories with low or practically 
no sulphates and high alkalinities. Another factor of importance 
was that it had been found necessary to carry high alkalinities 
even up to 30 per cent of dissolved solids in locomotive-boiler 
operation in order to protect against corrosion which formerly 
caused considerable trouble and much greater expense than the 
embrittlement cracking. An increase in sulphates resulting in 
increasing the salt concentration, in many cases above the critical 
foaming point, caused carry-over and interfered with operation. 

In view of these conditions, the Railroad Water Comniittee 
could not support the sulphate-alkalinity ratio recommendations. 

The co-operative research at the Bureau of Mines, which was 
supervised by the Joint Committee on Boiler Feedwater Studies 
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on which the railroads were consistently represented, was followed 
with interest, and their failure to substantiate the sulphate pro- 
tection against embrittlement was in line with the railroad ex- 
perience. In fact, the possibility of water quality causing this 
trouble was viewed with considerable skepticism until the de- 
velopment of the embrittlement detector which demonstrated con- 
clusively that cracking in stressed steel exposed to concentrated 
caustic solutions could result unless an inhibitor was present. 
Sulphates appeared to be of little or no importance while sodium 
nitrate seemed to give the best results, with certain lignins and 
tannins also effective. 

Confirming the efficiency of the embrittlement detector, one of 
these instruments was first installed on a locomotive in one of the 
worst embrittling territories on the Chesapeake and Ohio Rail- 
way. Much to the surprise of all concerned, the test specimen 
was practically shattered in 12 to 15 days. With the addition of 
lignins or sodium nitrate in accordance with the findings of the 
Bureau of Mines research, these specimens now run regularly in 
this territory over 120 days with no cracking. To confirm the 
operation of the detector, the inhibitor was held out for a period, 
and again the specimen was found to be badly cracked in less 
than 20 days. As a matter of further interest, no cracking has 
taken place in any boiler in this territory since the addition of an 
inhibitor, either lignin or sodium nitrate in accordance with 
findings at the Bureau of Mines, and the comparatively small 
amount required has not affected the foaming point or carry-over 
troubles. 

The railroads have been interested in this matter, not only from 
a locomotive standpoint, but also power-plant-boiler operation. 
Locomotive boilers undoubtedly are more susceptible to such 
cracking as no embrittlement cracks have been found in any of 
the 78 power-plant boilers in service on the Chesapeake and 
Ohio, although considerable trouble was experienced with the 
locomotive boilers as brought out by the author. In addition 
to Table 3 of the paper, the writer can advise that so far, in 
1950, no embrittlement-cracked boiler has been reported on the 
Chesapeake and Ohio as we have been consistently treating the 
water with sodium nitrate to carry the amount of this material 
equal to 40 per cent of the alkalinity as sodium hydroxide. 

Although the co-operative research work by the Bureau of 
Mines under the supervision of the Joint Research Committee on 
Boiler Feedwater Studies has shown definitely that the inhibiting 
effect of sodium nitrate as well as some lignins and tannins, is 
much superior to sulphates, a sodium sulphate-alkalinity ratio is 
still carried as the only preventive for embrittlement cracking in 
the 1949 issue of “Suggested Rules, Care of Power Boilers,” 
although this has been contrary to the recommendation of the 
ASME Boiler Code Chemists Committee for the past 7 years. 
Although this recommendation comes under the heading of 
“Suggested Rules,”’ it is still part of the Boiler Code which has a 
semilegal status in many states, and this is a matter of some 
concern to the railroads. 

In view of the apparent hesitancy and long delay of the 
ASME Boiler Code Committee in bringing the information in the 
Boiler Code up to date, the Railroad Water Service Committee 
at a meeting in October, 1950, unanimously approved a recom- 
mendation to the railroads which report has been published.‘ 
This report states in part: “Due to the fact that the sodium 
sulphate-hydroxide. ratio maintained in steam boilers was found 
worthless as an inhibitor in railroad service, it is the opinion of 
your Committee that the results secured at the Bureau of Mines, 
as well as in various railroad laboratories, supplemented by ex- 
perience in actual railroad operation, have furnished sufficient 


* American Railway Engineering Association Bulletin no. 490, 
November, 1950. 
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information to prevent embrittlement of steam boilers in rail- 
road service, to formulate the following recommendations: 


“1 It is the opinion of your Committee that the railroads 
should disregard the sodium sulphate - alkalinity ratio recom- 
mendation as outlined in The American Society of Mechanical 
Engineers Boiler Code of 1949 which ratio is of questionable 
value and increases operation difficulties in railroad steam boil- 
ers. 

“2 Complete investigation of boiler feed waters with special 
reference to alkaline content and the presence of natural inhibi- 
tors. 

“3 Installation of embrittlement detectors on boilers operat- 
ing in suspected water districts on the various railroads. 

“4 Properly supervised and controlled use of sodium nitrate 
or lignin in water known to have embrittling tendencies, as out- 
lined in previous reports of your Committee. 

“5, Proper workmanship resulting in tight boiler seams in all 
boiler construction.” 


This recommendation will be considered at the Annual Meet- 
ing of the American Railway Engineering Association in March, 
1951, and with the approval by this authoritative scientific body, 
will have some effect in counteracting the importance of the 
present unsatisfactory ASME Boiler Code suggestions. 


In closing, it is desired to call particular attention to the last 


sentence in the summary at the beginning of the paper which is ; 


to the effect that with present recommended treatments, pre- 
vention of embrittlement cracking is no longer considered a 


serious problem. 


C. E. Kaurman.’? The organization with which the writer is 
associated has supervised a considerable number of the detector 
tests described by the author. From some 1200 tests in over 400 
plants we have necessarily come to the same general conclusions 
as has the author. 

A few years ago we relied to an appreciable extent on the use 
of organic materials in combating waters which were potentially 
embrittling. Currently, however, we prefer the addition of so- 
dium nitrate or the maintenance of boiler water at essentially 
zero free-caustic alkalinity. Nitrate appears to be more positive 
in its action than organic materials, is easier to test for, does not 
introduce discoloration which may interfere with certain testing 
procedures, and is relatively inexpensive. 

In addition to the evidence of the detector tests, we have found 
in several instances that actual tube-end cracking caused by em- 
brittlement has been eliminated through the addition of nitrate. 

Analysis of our results and of the additional data supplied in 
the paper causes us to have no faith in the sulphate-alkalinity 
ratio for the prevention of embrittlement. 

We consider it quite fortunate that factors of stress and con- 
centration are required in addition to certain boiler-water con- 
ditions for the production of embrittlement. Since these physi- 
cal factors have happily been absent in many cases, actual em- 
brittlement of the boiler has been avoided although the waters 
involved have been potentially dangerous. 


F. G. Srravus.' This paper is a very good summary of the re- 
sults obtained in the operation of the embrittlement detector in 
various power plants and on locomotive boilers. It shows that 
the results obtained in the laboratory are in agreement with those 
obtained in the power plants. This is to be expected since the 
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conditions of operation of the embrittlement detector are the same 
in both places. 

In the laboratory the detector indicated that nitrate would 
stop cracking whereas sulphate would not. We would expect to 
find the same results to be obtained in the plants and they were. 
The author states: ‘Many such tests (referring to embrittle- 
ment-detector tests) reported at the Annual Meeting of the Society 
in 1941, confirmed previously obtained laboratory indications 
(again referring to the embrittlement-detector tests) that the 
method of chemical control previously available for preventing 
cracking in riveted seams was at best uncertain; this was the 
maintenance of the sulphate-alkalinity ratios, first recommended 
in the ASME Boiler Code in 1926, and still appearing in the most 
recent edition of 1949.” 

Why does the author say that the method recommended by 
the ASME Boiler Code Committee since 1926, is ‘‘at best uncer- 
tain?” Is it because the sulphate has not been effective in pre- 
venting failure in actual operating stationary boilers or is it 
because it does not stop cracking in the embrittlement detector? 
He cites 2000 tests with embrittlement detectors operating on 
boilers, which tests should indicate the sulphate to be ineffective, 
but he talks about only 26 cases of boiler metal cracking actually 
studied in ten years. Of these cases he says only 24 could be 
called embrittlement. He does not give the actual water analyses 
from any of these plants but says that in ten of the plants em- 
brittlement detector showed the dangerous quality of the boiler 
water. He states that only 5 of the 24 plants maintained sul- 
phate ratios at the time of the failure; however, none of the 
plants had complete data to show the ratios had always been 
maintained. This certainly cannot be given as proof that the 
sulphate ratios were ineffective in preventing embrittlement. 
In fact, it certainly appears to be evidence that the sulphate ratios 
were not maintained in the 24 plants which had encountered 
embrittlement. 

The author appears to want to eliminate the use of sulphate to 
prevent embrittlement in favor of the phosphate, nitrate, and 
organic substances. The work carried on at the University of 
Illinois in the period from 1904 to 1930, reported the following 
as part of its conclusions: 


1 The presence of sodium sulphate in boiler water tends to 
retard the embrittling effect of the sodium hydroxide, and if in 
proper proportions will stop it entirely. 

2 The presence of phosphates, tannates, chromates, nitrates, 
acetates, etc., will inhibit the embrittling action of caustic soda 
if these salts are present in the boiler water in proper amounts. 

3 Methods for the introduction of some of the newer in- 
hibiting agents to feedwaters have been worked out and are in 
operation in large power plants, 


The author states: “Between 1935 and 1940 three practical 
treatments were found to prevent embrittlement cracking in 
detector units under laboratory conditions.” The three prac- 
tical treatments he refers to are the phosphate treatment, ni- 
trate, and organic. He ignores the practical method which was 
found to be effective in actual power plants—but unfortunately 
not effective on the Bureau of Mines detector—mainly the sul- 
phate ratio. 

We at the University of Illinois have no objection to the use 
of inhibitors other than sulphate—as the writer has stated 
already—since as far back as 1930 we recommended these 
other methods of treatment. However, we do object to the 
practice being used by certain groups of not giving credit to the 
effectiveness of sulphate. There are at least four methods of 
treatment which may prevent embrittlement. Each plant has 
its own operating conditions which will dictate which of these 
will be best for its particular conditions of operation. 
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TRANSACTIONS OF ASME 


AuTHoR’s CLOSURE 

The reception of the summary has been most gratifying, and 
the author is indebted to Messrs. Bardwell, Kaufman, and 
Straub for their written discussion. 

Mr. Bardwell’s announcement that there was no boiler-seam 
cracking in the C & O’s nitrate-treated locomotive boilers during 
1950 is a most welcome addition to the data. Mr. Kaufman’s 
confirmation of the general conclusions of the summary is based 
on many years of practical application of engineering skill to 
water problems in stationary boilers and is especially appreciated. 
Professor Straub’s statement is considerably less negative than 
usual, 

Mr. Bardwell’s detailed explanation of why the railroads’ 
water-service engineers are irritated by the Code-recommended 
sulphate-alkalinity ratios, Mr. Kaufman’s flat statement that 
his company has no faith in sulphate-alkalinity ratios, and Pro- 
fessor Straub’s conclusion that three practical methods of treat- 
ment may be superior to sulphate-alkalinity ratios under “‘par- 
ticular conditions of operation,” all argue for revision of the 
Code. The principal obstacle is disagreement on what should be 
added and what should be deleted. 

To eliminate the confusion shared by many boiler operators 
and to enable them to take advantage of the best information 
available, so that the frequency of boiler-seamy cracking will con- 
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tinue to decrease, the author suggests the following wording: 

Research and experience have indicated that this type 
of crack failure can be prevented. 

a Nitrate treatment has been successsful in the 
range through 700 psi. In some plants a weight ratio 
of sodium nitrate to alkalinity (sodium hydroxide plus 
sodium carbonate as NaOH) of 0.4 was required, but 
many found much smaller ratios to be adequate for 
protection. 

b Zero-caustic treatment, in which the boiler-water 
alkalinity is substantially equivalent to the trisodium 
phosphate content of the water, has also been success- 
ful. Because of practical considerations, use of this 
method is limited to boilers operated with distilled- 
water make-up or its equivalent in quality. 

ec Treatment with tannin-type organic matter is not 
regarded as highly as nitrate treatment but has been 
used successfully in many plants. 

Sulphate treatment, recommended and _ used 
for many years, has been shown to be less reliable 
than the foregoing methods. 


* To replace paragraph 49, Proposed Revisions and Addenda to 
Suggested Rules for the Care of Power ns Mechanical beat 
neering, June, 1948, pp. 557-560. 
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The Solubility of Quartz and Some Other .: 
Substances in Superheated Steam 
at High Pressures 


An apparatus and method for determining the solubility 
of silica in superheated steam at high pressures are de- 
scribed. At 752 F (400 C), the solubility of quartz in steam 
increases from 1.0 ppm at 500 psi to 1548 ppm at 15,000 psi; 
at 932 F (500 C), the solubility increases from 4.3 ppm at 
500 psi to 2596 ppm at 15,000 psi. The curves representing 
the solubility results at 752 F and 932 F cross at two pres- 
sures. Between these two pressures the solubility is 
greater at 752 F than at 952 F; below and above these pres- 
sures the solubility is greater at 932 F than at 752 F. This 
crossing is ascribed to the pressure-density relationships 
of water at the two pressures, which are affected by the 
proximity at 752 F of the critical point of water. When the 
solubility is plotted against the density of steam at each 
measured point, the curves do not cross, and the solubility 
at 932 F is greater than at 752 F. The solubilities of some 
other substances in superheated steam at high pressures 
are given also. 


INTRODUCTION 


HE dynamic method to be described of determining the 

solubility of quartz and other substances in superheated 

steam at high pressures was devised and tried in 1945, and 
some results were obtained with quartz at 932 F (500 C) and 15,- 
000 psi. Our interest in the problem at this time was geological, 
and press of other work caused further experiments to be post- 
poned indefinitely. Hall Laboratories, Inc., of Pittsburgh, Pa., 
became interested in the work, and the present study, extended 
downward to pressures within the range of modern steam-boiler 
practice, is the result of their interest and financial support. 

The solubility of quartz and other substances in gases, es- 
pecially superheated steam at high pressures, is of interest to the 
geologist because of its bearing on the formation of veins and 
pneumatolytic deposits, and to the engineer because of its bearing 
on the deposition of silica and other substances on the blades of 
high-pressure turbines. That gases can dissolve solids has long 
been known, but the pertinent literature is scanty. One of the 
earliest to show the solubility was Hannay (1),* and Villard (2), 
and Talmadge (3) added confirmatory evidence. Smits (4) has 
discussed the theoretical aspects in connection with critical end- 
points, and Niggli (5) has considered the geological implications. 
Several studies bave been made of organic systems (6) in which 
the gaseous solubility of a solid has been measured. Morey and 
Ingerson (7) published an annotated and theoretical discussion of 


1 Geophysical Laboratory, Carnegie Institution of Washington. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 26-December 1, 1950, of Tue 
American Society or MECHANICAL ENGINEERS. 

Nore: Stat ts and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 22, 1950. Paper No. 50—A-73. 


the relationships in systems of this type, and Morey (8) discussed 
the solubility of solids in water vapor, with numerous examples 
from his own experimental work and that of others. 

The geologist has been concerned chiefly with equilibrium be- 
tween gas and solid, the engineer with the equilibrium between a 
gas, steam, and the boiler water. At first thought, it would appear 
that it would be the distribution coefficient of SiO, between the 
steam and the dilute solution of silica in the boiler water which is in 
question, but consideration shows the problem to be not so simple. 
As the water rises in the boiler tubes, the rapid transfer of heat 
through the tubes results in violent and turbulent boiling. This 
boiling occurs primarily at the interface, and at this interface the 
dissolved material becomes concentrated, and in some areas solid 
material separates. It is not the distribution coefficient of SiO, be- 
tween steam and a dilute boiler water which is in question, but 
between steam and a solution of unknown concentration, which at 
some places becomes saturated solution from which silica (and 
other substances) may be deposited. The equilibrium values of 
solubility reported in this paper thus become limiting values 
which will be approached more or less closely in the steam arising 
in parts of the boiler tubes. 

The engineer’s problem is complicated even more by the boiler 
water containing not silica alone but several dissolved salts. It is 
a multicomponent system. In a two-component system such as 
water and quartz, at a given temperature and pressure, only one 
composition of gas can be in equilibrium with a solid compound or 
a given liquid composition. A multicomponent system has more 
degrees of freedom. The solubility of quartz will not be the same 
in a gas containing dissolved NaC! as in a gas consisting of water 
alone, and every other substance which is dissolved in the steam 
affects the solubility of quartz. In general, however, this will be a 
secondary effect, and the equilibrium values with water are the 
best guide to the conditions under which silica will separate. 
This is true even though there is supersaturation, for deposition of 
silica may take place from a gas supersaturated with respect to 
silica but not from one that is unsaturated. The saturation 
values depend on both the temperature and the pressure of the 
steam, and a steam which is unsaturated under a given set of 
conditions may be saturated or supersaturated under a different 
set of conditions. 

In the following sections are described the apparatus used and 
the method of operation. It has been found that the solubility of 
quartz in steam ranges from 1.0 grams per million grams of water 
at 752 F (400 C) and 500 psi, to 2596 grams per million at 932 F 
(500 C) and 15,000 psi, and that the solubility is largely deter- 
mined by the density of steam at the temperature and pressure of 
the experiment. Solubilities in superheated steam at high pres- 
sures are given also for silica glass and some inorganic salts. 


APPARATUS AND MetHop 


The method used was a dynamic one. Water under pressure 
was passed over the heated quartz or other substance, which was 
contained in a high-pressure vessel or bomb. During its passage 
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(The pressure vessel consists of a bomb, a cap, and a plunger. 
holds plunger in place. 
thermocouples are shown in cap and in bottom of 


Bomb is 2.5 in. OD with a chamber, 0.875 in. bore and 9 in. deep. Cap screws on and 
Closure is made by ney Bm oy compression of plunger is by a nut, not shown, but on threaded 


part of stem. Holes for 


two additionai holes, symmetrically placed, but not shown, are for controlling thermo- 


couple.) 


sure and after cooling to liquid water it remained at the high 
pressure up to a throttling valve. Here the pressure was slowly 
released, at a rate of from 10 to 40 drops per min, and the con- 
densed water was collected, weighed, and the amount of silica de- 
termined by analysis. 

The apparatus is shown diagrammatically in Fig. 1. Distilled 
water is forced by the pump into a pressure line in which there is a 
cylindrical reservoir, volume 2240 cc, and two pressure gages, a 
reading gage and a regulating gage. The reading gage was cali- 
The regulating gage has had 
the glass removed from the serewed-on rim. A square bracket is 
fastened onto the rim of the regulating gage, and on the part of the 
bracket parallel to the face of the gage the lamp and phototube 
holder of a GE: CR7505 photoelectric relay is mounted. A small 
mirror is mounted on the rim behind the plane of travel of 
the needle of the gage, and a small flag is fastened to the end of the 
needle. — the light is reflected from the mirror into the photo- 


cell, the relay starts the pump, which runs until the light is in- 
terrupted by the flag and stops the pump. When pressure falls, 
the photocell is activated and the pump starts. This controls the 
pressure to +50 psi. The regulating position can be changed by 
rotating the rim of the gage. ‘ 

The pressure vessel or bomb is shown in Fig. 2(a). It is made of 
Inconel X, which has given better results than stainless steel in 
other high-pressure work. The closure is effected bv the internal 
pressure itself, bearing on a silver washer [details are in the en- 
larged Fig. 2()]. The head of the plunger fits inside the chamber 
of the bomb. A collar, or washer, fits over the stem of the plunger 
and projects '/s in. inside the chamber and is held in place by the 
serewed-on cap of chrome-molybdenum steel. A silver washer, 
'/sin. thick, is imprisoned between the head of the plunger and the 
bottom of the collar. Initially, this washer is compressed by 
tightening a nut on the threaded part of the stem, which is above 
the cap. When pressure is applied within the bomb, it bears on 
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the end of the plunger and further compresses the silver washer. 
The area of the head of the plunger is 0.60 sq in., of the silver 
washer, 0.3 sq in., so, if P is the internal pressure, the pressure on 
the washer is 2P. This closure has held perfectly for a long time 
even though it has been subjected to wide changes in pressure and 
temperature, and to pressures much greater than any reported in 
this paper. 

The bomb is contained in a furnace electrically heated and con- 
trolled by a Brown electronic controller. The main heater is of 
nichrome wire wound on an alundum tube and current adjustment 
is by a Variac. An auxiliary pad heater, controlled by another 
Variac, on the bottom of the heater, not shown in the figure, 
serves to make up for heat loss at the exit end. In all of the earlier 
runs the controlling thermocouple was placed adjacent to the 
main furnace winding, and attempts were made to maintain uni- 
form temperature along the bomb by adjusting the two Variacs, 
both of which were on the controller. This was difficult because 
different rates of flow required different power inputs, and a dif- 
ference in the input distribution. Runs made with this arrange- 
ment are indicated in Table 1 as “older runs’ when there is a 
significant difference. Later an auxiliary furnace, not shown in 
the figure, was placed on top of the main furnace. It was con- 
trolled by another Brown electronic controller, activated by a 
thermocouple placed in a thermocouple well in the cap, similarly 
placed to that shown in the figure. Temperature was measured 
by a Pt-Pt-10 Rh thermocouple inserted in another well in the 
cap; the emf was read on a White potentiometer. Tbe main 
furnace and the auxiliary pad heater were held at constant tem- 
perature by a thermocouple inserted in a well in the bottom of the 
bomb, and temperature was measured by a thermocouple in an- 
other well, not shown in the figure. Thus both top and bottom 
of the bomb were controlled independently, the bottom to better 
than +1 deg, the top to 2 deg. 

The bomb is fastened to the high-pressure line by a standard 
coupling, and the water under pressure is admitted by a valve. 
It passes into the hot bomb as steam, over the quartz, out the 
bottom of the bomb, and through a cooling tube to the throttling 
valve. Here the rate of flow is adjusted to the desired rate, 
usually between 10 and 25 drops per min, and the water collected 
in a weighed flask. At the end of the run the condensed water is 
weighed, evaporated to dryness in a large platinum vessel, and 
the silica transferred to a platinum crucible, ignited, and weighed. 
The silica is then volatilized by evaporation with HF and H,SO,, 
the crucible again weighed, and SiO, determined by the difference. 

The results at 500 psi were obtained by a colorimetric method 
by the Hall Laboratories, Inc. The samples were mailed in 
polyethylene containers. Portions of each of the three runs at 
932 F (500 C) were retained by us, combined, and SiO, deter- 
mined gravimetrically as usual. We obtained 4.3 parts per 
million, as compared with the mean of 3.8 of the colorimetric 
determinations. 

Another comparison between the gravimetric method and the 
colorimetric method was obtained with the co-operation of the 
Philadelphia Quartz Company, to whom five samples were sent. 
The agreement between the two methods was excellent. The 
first figures in the following were obtained by them, the second by 
us: 18 and 16; 38 and 38; 85 and 95; 1358 and 1352; 2480 and 
2572. 

The success of the method depends primarily on the silica dis- 
solved in the condensed steam remaining in solution until it has 
passed through the throttle. This it does. The evit tube, '/y in. 
bore, has never stopped up, although more than 250 grams of SiO, 
have passed through. The greatest difficulty is in adjusting the 
rate of flow, and at high pressure it requires frequent attention. 
None of the commercial needle valves was satisfactory, and the 
modifications tried were not wholly successful. It is compara- 


tively easy to throttle at pressures of 5000 psi or less, but at 
15,000 psi there appeared a deformation which slowed or almost 
stopped the flow. The actual orifice must be very small, but no 
evidence of stoppage of the valve by deposits could be found. 


TaBuLaTep Resutts 


The results summarized in the tables show a satisfactory agree- 
ment, considering the difficulty of the problem. It was at first 
planned to make a series of runs at each temperature and pressure 
with varying rates of flow, but this was soon found to be un- 
necessary. That too fast flows give low results is shown by a few 
results given in the tables, and in numerous unpublished results. 
But when the rate is of the order of 2 grams H,0 per min a steady 
state appears to be reached in which the unavoidable, unexplained 
differences between results show no correlation with rates of flow. 

The volume of the bomb is 4.81 cu in. (78.8 cc) and it holds 
about 75 grams of crushed quartz. This leaves a free volume of 
about 3 cu in. (50 ce); hence, at a rate of flow of 1 gram per min 
the water is in contact with quartz for about 50 min. The quartz 
is crushed to pass a screen of 4, and retained on one of 8 meshes 
perin. If it is assumed that the average piece is a cube of 2 mm 
side, the total area will be 1127 sq cm (68.8 sq in.). 

Table 1 gives the detailed results for each temperature and 
pressure. For each run is given the weight of condensed water, 
the duration of the run, the rate of flow in grams of H,O per 
minute, the total weight of SiO., and the grams SiO, per million 
grams of H,O. For each set is given the mean and the mean 
deviations from the mean. All the results at 500, 1000, and 2000 
psi are with the apparatus with temperatures controlled at both 
top and bottom; at other pressures the two sets of measurements 
are indicated when there is a difference between them. 

Table 2 gives a summary of the results with quartz, expressed 
in two different ways. Column 2 gives solubility in grams SiO, 
per million grams H,O; column 4 gives solubility in grams 
SiO, per million ml of H,O. The values for density of water 
given in column 3 are by Kennedy (9). 

The results at 572 F (300 C) represent solubility in liquid water. 
They show a wide variation at each pressure, and there is no sig- 
nificant difference at 3000, 10,000 and 15,000 psi. Consequently 
these are all averaged together. One series of four runs was made 
at 680 F (360 C) and 5000 psi. 

The results in column 2 of Table 2, solubility in grams SiO, per 
million grams H,0, are shown in Fig. 3. Instead of passing a 
smoothed curve through the mean value at each temperature and 
pressure, the observed values are joined by straight lines.? The 
circles represent the mean deviation from the mean at each point. 
The curves cross in two places. At two different pressures the 
solubility is the same at 752 F (400 C) as at 932 F (500 C); between 
these pressures the solubility is greater at 752 F (400 C) than at 
932 F (500 C), and above and below these pressures it is greater 
at 932 F (500 C) than at 752 F(400C). The surface representing 
the solubility at different pressures and temperatures evidently 
has a double curvature, and it does not necessarily follow that the 
solubility would be the same at an intermediate temperature. 

These peculiar relationships are caused in large part by the 
peculiar pressure-volume relationship of steam at high pressure 
and temperature, and, in particular, by the proximity of 752 F 
(400 C) to the critical point of water, 705.4 F (374.1 C) and 3061 
psi. It was thought that recalculating the results to grams SiO, 
dissolved per million milliliters of water would remove this cross- 
ing. The results so recalculated are in column 4, Table 2. The 
curves again cross, but at pressures different from before. Fig. 4 
shows the solubility expressed in grams SiO, per million grams 

* This method of representation is a personal preference of the 


authors and contains no implication as to the intervening parts of the 
solubility curve. 
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H,0, plotted against the density of water at the temperature and 
pressure of the experiment. When so expressed, the curves no 
longer cross, and the solubility is higher at 932 F (500 C) than at 
752 F (400 C). Fig. 5 shows the results at 500, 1000, and 2000 
psi; at 932 F they lie on a straight line, and almost on a straight 
line at 752 F. 

Table 3 gives the detailed results with silica glass. The first 
glass used was cloudy or translucent silica tubing. This differed 
in ite behavior from ~ of the ae materials. It shattered in 
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the bomb and coated the interior of the bomb with a dense ad- 
herent coating of silica glass containing much quartz. This coat- 
ing extended over the bottom of the bomb and finally sealed over 
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TABLE 3 SOLUBILITY OF SiO; GLASS IN SUPERHEATED STEAM 


Grams 

SiOz per 

million 
grams H:O 


Rate, 
grams per 
min 


752 F (400 C) 


Total SiO: 


grams 


condensate, 
grams 


Duration, 


Opaque Silica Glass 


Mean 


0292 


932 F (500 C) 


Nore: After preceding runs at 400 F and 2000 psi, this sample of glass was 
left under pressure at 500 F fora week. At end of series at 2000, 5000, and 
10,000 psi, it was found to be ney erystalline. In view of Bro docsror 
between results obtained with it and those obtained with quartz, it is be- 
lieved it had crystallized during that time. 


Omitted from mean, 


ments of clear silica glass, obtained from The Thermal Syndicate, 
Ltd., were used next, and with this material there was no shat- 
tering and no deposit of glass on the walls. 

The runs with silica glass are summarized in Table 4, and the 
solubility values for quartz are given for comparison. Much 
larger “solubility” values were found with silica glass than with 
quartz, as was to be expected from the free-energy relationships of 
the two substances. It is realized that these cannot represent a 
true solubility. The glass is an amorphous phase, an “under- 
cooled liquid.” The criterion for a reversible solubility is usually 
taken to be that if a change in conditions, e.g., an increase in 
pressure, causes a material to dissolve; the opposite change, e.g., 
a decrease in pressure, should cause it to separate in the same 
thermodynamic condition as before. This does not happen; 
and when a phase does separate, it is quartz—not silica glass, 
These solubility values, and values obtained with any amor- 
phous silica, represent rates of solution of silica under fairly well- 
defined conditions. Constant values may be obtained under con- 
stant conditions, but different values may be obtained with amor- 
phous silicas of different histories. 

In Table 2, column 5, are given partial pressures of SiO, in the 
steam. These were obtained by multiplying the total pressure in 
atmospheres by the weight fraction SiO., and are not intended to 
convey any implication as to the molecular condition of SiO, in 
the steam, which will remain a matter of speculation until some 
method of molecular-weight determination under these somewhat 
extreme conditions is devised. Nothing is known even about the 
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6018 
7437 


1661 
4243 
-9382 
2649 
7064 
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Note: The following series of runs were made with fresh silica glass. 
end of series there was a small amount of crystallization to quartz. 


deviation. 


Nore: The following series of runs were made with fresh silica glass. 
end of run there was some crystallization. 


TABLE 4 SUMMARY OF Oeirr RUNS WITH SILICA 


Solubilit 
SiO; per million grams H,O—— 
Opaque Clear 
glass glass 
752 F (400 C) 
36 31 


extent of association of water vapor itself at high temperature and 
pressure. It is improbable that silica exists as SiO, molecules. 
In all probability it exists in tetrahedral co-ordination as ortho- 
silicic acid, or a hydrated orthosilicic acid, but speculations are 
incapable at present of experimental test. There is no experi- 
mental evidence of the existence of any silicic acid as such. Cer- 
tainly the precipitates obtained by acidifying alkaline silicate 
solutions are not silicic acids but gels containing amorphous 
silica. Consequently, the calculation of partial pressures on a 
weight per cent basis, as given in Table 2, is the only possible 
method, and contains no implication concerning molecular asso- 
ciation of either the water or the silica. The vapor pressure of 
quartz is primarily determined by the temperature, and the effect 
of pressure is a secondary effect which can be calculated from > 
well-known thermodynamic considerations, and the same would _ 


be true of any “silicic acid.” 


The amount of silica in the steam is 
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so enormously greater than would be expected from the vapor 
pressure of quartz that a true solubility in steam is the only 
possible explanation. 


Discussion 


The results obtained with quartz show satisfactory agreement, 
and it is believed that they represent the real, reversible, solu- 
bility values. To prove that they do, it would be necessary to 
show that a solution saturated at a given temperature and pres- 
sure would take up more quartz if these parameters were changed 
in appropriate directions, and, if the parameters were changed in 
the opposite directions, crystalline quartz would be deposited. 
Apart from experimental difficulties, this could not be done be- 
cause of the tendency of silica solutions, gaseous or liquid, to be- 
come, and remain, supersaturated. It is true, as shown by Morey 
and Ingerson (10), and later by many who have tried to com- 
mercialize the process, that quart? crystals can be caused to grow 
by transport in a gas from amorphous silica, but this is too slow a 
process to use for testing reversibility. The results obtained with 
silica glass make it probable that the final values represent a real 
solubility. The results obtained with fresh glass are higher than 
with quartz, but as the glass crystallizes the values drop to es- 
sentially the same as with quartz. 

There are few results which are directly comparable to those 
of this paper. Those of Gruner (11), Hitchen (12), Lenher and/ 
Merrill (13), and Kennedy (14), shown in Fig. 6, deal with solu- 
bility in liquid water. Gruner found with quartz 958 ppm at 
572 F (300 C), as compared to our 616 parts. Kennedy found 
1100 parts at 572 F (300 C) and 2000 parts at 680 F (360 C), as 
compared to our 616 and 852 parts, but he used silica glass. 

Van Nieuwenburg and Miss P. M. Van Zon (15) made “‘Semi- 
quantitative Measurements of the Solubility of Quartz in Super- 
critical Steam,” at a series of pressures, and at 716 F (380 C), 
752 F (400 C), and 797 F (425 C). Their pressure range was from 
4166 to 7110 psi, and the order of magnitude of their results is the 
same as ours. Linear interpolation to 5000 psi at 752 F (400 C) 
gives 889 ppm, as compared to our 637. 

Kennedy measured the solubility of silica glass at 784 F (418 C) 
and, presumably, 4500 psi. No data are given; the results are 
given only in a curve which combines his results and those of 
Gruner. At 752 F (400 C) the curve gives a value of 1200 ppm, 
as compared to our value of 1381 at 5000 psi. (Kennedy pre- 
sented a paper at the Section of Volcanology, American Geo- 
physical Union, April 21, 1948, entitled “Effect of Pressure on the 
Solubility of Quartz in Water at Supercritical Temperatures.” 
This has not been published.) 

Straub (16) passed superheated steam over “pure silicic acid” 
which was prepared by adding hydrochloric acid to a solution of 
Na,O.SiO,.5H;,0 in distilled water. The precipitated silicic acid 
was filtered and washed with distilled water until free from 
chloride. ‘With this apparatus, the superheated steam leaving 
the tube sbould contain an amount of silicic acid corresponding to 
the vapor pressure at the temperature and presgure used 
“The silica content of the steam was the same for rates of flow 
from 2 to 10 lb per hr, indicating that the silica present in the 
steam represented the equilibrium condition between the silica in 
the steam and the vapor pressure of the silicic acid.” He found 
that the logarithm of the concentration of silica in the superheated 
steam plotted against the reciprocal of the absolute temperature 
resulted “‘in a series of straight lines for the various pressures. 
This relationship indicates that the silica present is the result of 
vapor pressure of silicic acid.”” Since his experimental data con- 
sists of weights of SiO, in parts per million, they are directly com- 
parable to ours. The equation of the best straight line represent- 
ing the logarithm of the silica content of the steam as a function 
of the reciprocal of the absolute temperature was calculated from 
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the data of his Table i0 for 420 psi, and extrapolated from his 
highest temperature, 650 F (343 C) to 752 F (400 C). This ex- 
trapolation gave 3.1 ppm. We obtained 1.0 ppm at 752 F and 
500 psi with quartz, which is an excellent agreement. 

Other work in this laboratory in which the solubilities in super- 
heated steam at high pressure of several substances have been 
determined will be mentioned. The liquid-solubility curves at 
752 F (400 C) of the various solid phases in the system H,O — 
Na,O-SiO,, and the compositions of the gaseous phases in equi- 
librium with liquid and solid, have been determined at pressures 
up to 30,000 psi. At 15,000 psi, the gas in equilibrium with sod- 
ium-silicate solution and quartz contains 1.6 per cent of Na,O and 
3.4 per cent SiO,; at the same temperature and pressure the gase- 
ous solubility of quartz in binary system H,O-SiO, is 0.155 per 
cent, as shown in Table 2. Mixtures that are more alkaline have 
not quartz but a sodium silicate as solid phase, but the gases may 
contain more SiO, as well as more Na,O. An example is a gas 
found to be in equilibrium with crystalline sodium metasilicate at 
30,000 psi, which contained 24.2 per cent Na,O and 8.4 per cent 

Other results in this system show the contrast between the 
silicates of sodium and potassium, a contrast of importance in 
boiler-water chemistry. Potassium metasilicate is extremely 
soluble in water from 500 to 1000 F, and at 752 F (400 C) it will 
be completely liquefied by a steam pressure of about 140 psi. 
The work now under way has shown that sodium metasilicate is 
extremely insoluble in water at high temperature, and at 752 F 
(400 C) a steam pressure of 30,000 psi is not sufficient to produce 
metasilicate liquid. 

The solubilities of some other salts in supercritical steam at high 
pressure have been measured. They may be grouped into two 
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types. In one type the solubility of the salt in water becomes so 
large that the vapor pressure of this saturated solution never ap- 
proaches the critical curve. If the solid is heated with steam at a 
pressure greater than that of the saturated solution, the salt will 
all melt to form an unsaturated solution; but, if the pressure is 
less than that of the saturated solution, the solid will remain in a 
region of gas and solid. 

Sodium chloride and potassium chloride are of this type, and in 
studying their gaseous solubilities it is necessary to keep the 
pressure of steam less than the vapor pressure of the saturated 
solution. The solubility of NaCl in H,O increases with tempera- 
tures, and Keevil (17) found the maximum pressure on the three- 
phase curve to be at 1112 F (600 C) and 5700 psi. At 932 F 
(500 C) the pressure is 4680 psi. Using the dynamic method de- 
scribed, we found the solubility of NaCl in steam at 932 F (500,C), 
1000 psi to be 7 ppm; at 2000 psi, 14 ppm; and at 4000 psi, 304 
ppm. At 1121 F (605 C) and 5000 psi, the solubility is 539 
ppm. 

It is difficult to explain the results of Spillner (18), who found no 
formation of liquid at 782.6 F (407 C) until a pressure of 3905 psi 
was reached. At 782.6 F (407 C) the three-phase pressure is 2567 
psi, and the crystalline NaCl should have dissolved to form an un- 
saturated solution above that pressure. Still more difficult to ex- 
plain are his results with KCl. He apparently found no forma- 
tion of liquid at 780 F (406 C) and 4544 psi, while Benedict (19) 
found that the vapor pressure of a saturated KC! solution at 
780 F (406 C) is 1922 psi. 

In the second type of solubility curve of a salt in water, the 
solubility is so small that the vapor-pressure curve of saturated 
solutions intersects the critical curve. Above this critical inter- 
section is a region in which no liquid can be formed, no matter 
what the pressure. Water-silica forms a system of this type; and 
so, indeed, do most minerals and many inorganic salts. 

Most sulphates have a very small solubility in water at the 
critical point. Wuite (20) and Schroeder, Berk, Partridge, and 
Gabriel (21) found the solubility of sodium sulphate in water de- 
creased to practically zero at the critical temperature of water. 
At 932 F (500 C) the system is in the region of gas and solid at 
15,000 psi. By the dynamic method we found the solubility of 
Na:SO, in steam at 932 F (500 C) to be 4300 ppm. At the 
same temperature and pressure, the solubility in steam of CaSO, 
is only 16 ppm, very much less than quartz. 
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Discussion 


A. A. Berk.‘ The practical importance to the power industry 
of the transport of silica by steam led to some exploratory test- 
ing at the Bureau of Mines some years ago. 

Our rough tests were made by suspending either a quartz 
crystal or a fused-silica tube over water held at 635 F (335 C) in 
a steel bomb. The bomb capacity was 275 ml. When the total 
water charged was 50 ml, less than 40 per cent of it vaporized 
at the operating temperature to form saturated steam at 2000 
psi. When the charge of total water was less than 20 ml, all of 
it vaporized to form dry steam, superheated to 635 F. The 
pressure of the superheated steam was fixed by the quantity of 
water in the bomb. 

Quartz crystals were pitted or etched by the steam in 10-day 
tests. Each crystal had a total surface area of approximately 
2 sq in., and the maximum weight loss was about 33 mg. As 
shown in Table 5, herewith, the loss in weight was greatest in the 


TABLE 5 QUARTZ IN STEAM AT 635 F 


Steam pressure, Average weight loss, 
psi 


mg in 10 
2000 (sat) 29 
1800 22 
1200 7 
steam saturated at 2000 psi, and became smaller as the pressure 
decreased. This is in agreement with the authors’ finding that, 
at a given temperature, the solubility of quartz increases with 
increasing density of the steam. 

The tests with fused-silica tubing are also in agreement in so 
far that the tubes exposed to the saturated steam lost considera- 
bly more weight as compared to quartz crystals of the same sur- 
face area. Also, saturated steam converted fused silica com- 
pletely to crystalline quartz during the 10-day tests, and tiny 
quartz crystals were found on the platinum-wire suspension. 
However, in superheated steam, the tubes not only did not lose 
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weight, but they actually gained a few milligrams each, appar- 
ently by hydration (Table 6); there was no conversion to quartz 
but instead a very thin opaque skin containing crystobalite, a less 
dense form of crystalline silica, was formed on the exposed sur- 
faces. 


TABLE 6 FUSED SILICA IN STEAM AT 635 F 


Steam pressure, Average t loss. 
i ay days 


ined 
tained 


2000 t) 
1300 


1200 


In the absence of steam, that is, in air alone, there was no change 
at 635 F in either the quartz or the fused silica. Steam at this 
temperature removed silica from quartz crystals. Saturated 
steam at this temperature converted fused silica to quartz. 
Superheated steam at this temperature had little effect on the 
samples of fused silica that were used in the survey. 


C. E. Imnorr.* The prevention of deposits in any system 
can be accomplished by maintaining the concentration of the 
potential scale former at a value below its normal solubility under 
the conditions of temperature and pressure which exist in the 
system. By using data such as that collected by the authors 
one should be able to set a maximum value for silica in steam be- 
low which no deposits could be formed. Unfortunately, the ' 
temperatures and pressures of their tests are considerably higher 
than that present in the usual] scaling areas in a steam turbine. 

A study of the characteristics of turbine-blade deposits, re- 
ported by the writer’s company in 1947, indicated that blade 
deposits might be expected in those stages where the tempera- 
ture fell below 700 F, but in practically no instance were de- 
posits found in stages whose temperatures were greater than 700 
F. This study included deposits from turbines operating at 
1300 psi and below. Pressures in the stages operating at 800 F 
were normally less than 575 psi. This is sufficiently below 1000 
psi that it is doubtful if an extrapolation of the authors’ data in 
this range could be warranted. 

A somewhat surprising result is the great difference in solu- 
bility between quartz and silica glass. The small difference in 
solubility between two crystal forms such as Calcite (8 CaCO,) 
and Aragonite (yCaCO,) are quite familiar, but the sevenfold 
difference between quartz and glass, as shown in Table 4 at 2000 
psi, is entirely unexpected and suggests that the form of the solid 
phase greatly affects the quantity which may go into solution. 
This also brings up the question regarding what solid phase would 
be expected when silica is precipitated from superheated steam. 
The authors determined the silica gravimetrically, but those 
making silica determinations on powerhouse steam must use colori- 
metric methods because of the very small quantities present. 
It would be of extreme interest to know if colorimetric procedures 
would check the gravimetric results and if the original source of 
the silica in any way influenced ‘ts colorimetric reactions. 

If quartz has a lower solubility than amorphous silica, then 
quartz would be first of these to deposit when passing through 
a turbine. Fig. 7 of this discussion shows the relationship be- 
tween the five forms of silica commonly found in turbine de- 
-posits and the temperature zones for each species. Of the three 
forms of pure silica, quartz is the first to precipitate as the steam 
loses temperature and pressure. Usually, not more than three 
of the five forms are found in accordance with the order listed in 
Fig. 7. 

The presence of two sodium silicates in the list of blade-deposit 
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materials should certainly draw sufficient attention to their 
importance to promote a study of their solubilities in steam- 
turbine temperature-pressure ranges. 


E. P. Partrince.* The value of investigations such as the 
present one does not lie in the immediate reading of data from 
tables or curves to modify the control limits of an operating 
boiler. What is truly important is the continuing challenge to 
think beyond what we now accept as truth. The authors’ data 
present several challenges: 


1 The solubility of silica in water increases over the entire 
range of boiler operation up to the critical point and is surprisingly 
high. 

2 Amorphous silica is much more soluble than crystalline 
quartz, in steam as well as in water. 

3 Steam will dissolve not only silica as such, but also sodium 
silicate. 

4 The ratio of Na,O to SiO, dissolved in the steam may differ 
from the ratio in the solid sodium silicate over which the steam 
passes. 

5 Many, if not all, substances may be soluble to a measurable 
extent in steam. 


At this point it is worth looking backward briefly. 

Transport of silica dissolved in highly compressed water vapor 
at high temperatures was considered probable by the geophysi- 
cists even before it was demonstrated experimentally more than 
two decades ago by van Nieuwenburg and Blumendal.’ Nine 
years ago, information accumulated up to that time from both the 
laboratory and the power plant was brought out in a round-table 
discussion sponsored by ASTM Committee D-19 on Industrial 
Water.* In his paper summarizing experimental observations 
on silicate-water systems, which preceded the general discussion 
on that occasion, Dr. Morey said, “In all this work there is con- 
stantly being obtained evidence of transport of ordinarily non- 
volatile materials by high-pressure steam.....The conditions of 
these experiments are more drastic than those encountered in 
steam boilers and superheaters, but nevertheless, the very con- 
siderable power of steam under these more drastic conditions to 
transport ordinarily nonvolatile components will be paralleled 
by a smaller transport power per unit of steam at the lower pres- 
sures,” 

Hall Laboratories, 


* Director, Inc., 


Mem. 
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7 “Vaporization of Silica With Steam,"’ by C. J. van Nieuwenburg 
and H. B. Blumendal, Recueil des travaux chimiques des Pays-Bas, 
vol. 49, 1930, pp. 857-860; vol. 50, 1931, p. 338. 

* “Round-Table Discussion on the Solvent Action of Water Vapor 
at High Temperature and " Proceedings of the American 
Society for Testing Materials, vol. 42, 1942, pp. 977-1022. 
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Only three years later, Straub and Grabowski’ reported that 
small but definite amounts of silica were transported by satu- 
rated steam from a solution of sodium silicate under conditions 
simulating boiler operation. For example, a solution containing 
enough sodium silicate to provide 20 ppm of SiO, at a pH of 
10.1-10.5 and boiling at 600 F (1525 psig) would produce steam 
containing about 0.2 ppm of SiO,. In related bomb experiments 
at 600 F, using solutions containing up to 465 ppm of SiO, and 
pH values adjusted in the range from 6.8 to 12.1, steam passing 
through the solution picked up silica in amounts up to 6.9 ppm of 
SiO,. Increasing the SiO, content or decreasing the pH of the 
solution in the bomb increased the SiO, content of the steam. 

In the Same investigation, Straub and Grabowski also showed 
how much silica could be picked up by passing superheated 
steam at various pressures over silica ina bomb. Since they used 
“silicic acid” (amorphous silica) prepared by reacting acid with 
sodium silicate, their steam presumably dissolved more than 
would correspond to equilibrium with quartz, just as shown by 
the comparative data given by the authors in the present paper. 

The conclusion of Straub and Grabowski that only silica, 
rather than sodium silicate, was transported by the steam in their 
experiments was questioned in discussion by Imhoff, who noted 
that the pH of most of the samples of steam lay above 7. Ac- 
tually, there is every reason to believe that Na,O as well as SiO, 
will enter the steam, but that the ratio of these components in 
the steam will differ from the ratio in the boiler water. The 
present paper shows valu»s at pressures far above the boiler 
range which illustrate this point. Circumstantial evidence 
suggests that, under the conditions of temperature, pressure, 
and boiler-water composition in contemporary high-pressure 
power plants, the amount of Na,O dissolved in the steam is 
relatively small compared to the SiO,, but that it certainly is 
there. 

In many cases, sodium disilicate and in a few cases, sodium 
metasilicate as well as disilicate have been identified as major 
constituents of deposits in turbines, occurring consis‘ently in the 
stages preceding those in which quartz is found. Are we to as- 
sume that the same steam, of what would be considered admi- 
rable purity, transported the SiO, of the sodium silicate in dis- 
solved form, but could only carry the corresponding Na,O me- 
chanically as a mist of boiler water? Instead, it seems much more 
likely that the steam from a high-pressure boiler carries dissolved 
in it minute quantities of many substances and drops out in the 
turbine those with respect to which it becomes sufficiently 
supersaturated as the pressure and temperature progressively 
decrease. 

That the complex vapor coming to the turbine comprises more 
than 999,999 parts of H,O and much less than 1 part of all the 
dissolved substances together need not make this case difficult 
to understand. At the inlet to the turbine, the steam contains 
less than it could hold of each dissolved substance. However, 
as it cools during expansion, there will come a moment at which 
it can no longer hold dissolved together all the Na,O and SiO). 
If there is enough Na;,O in relation to the SiO,, sodium metasili- 
cate (Na-SiO;) will crystallize on the blades in that stage. If 
there is less Na,O in relation to SiO:, sodium disilicate (Na-Si,O,) 
will be deposited. Only when much of the Na,O has been used 
up will the remaining SiO, begin to crystallize as quartz. Fi- 
nally, when the pressure and temperature have dropped still lower, 
and the amount of SiO, which the steam can hold dissolved has 
further decreased, the excess comes out as amorphous silica. In 


* “Silica Deposition in Steam Turbines,” by F. G. Straub and 
H. A. Grabowski, Trans. ASME, vol. 67, 1945, pp. 309-316; also 
included in “Steam Turbine Blade Deposits,”” by F. G. Straub, Uni- 
versity of Illinois Engineering Experiment Station, Bulletin no. 364, 
1946, 
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this same range, the steam can no longer retain all of its dissolved 
iron oxide. 

This interpretation of what actually is found in the turbine 
agrees with the observation by Straub and Grabowski that steam 
will not dissolve sodium silicate to as great an extent as it does 
silica. They found only 0.02 ppm of SiO, in steam at 681 psig 
heated to 600 F in contact with solid sodium silicate, as con- 
trasted to at least 1 ppm of SiO, which might be expected in 
equilibrium with quartz from inspection of the data reported by 
the authors., 

The obvious way to reduce the amount of silica deposited in 
the turbine is to reduce the amount of silica picked up by the 
steam from the boiler water. Theoretically, this could be ac- 
complished by maintaining a very high ratio of NazO (or of K,O) 
as hydroxide with respect to SiO, in the boiler water. The smaller 
amount of total SiO, which could be dissolved in the steam would, 
in the extreme case, also be accompanied by enough dissolved 
Na,O so that all of the reduced amount of silica deposited in the 
turbine would come down as water-soluble sodium silicates, re- 
movable by a simple washing operation. There are, however, 
many practical objections to maintaining a very high caustic 
content in the water of a high-pressure boiler. 

A more satisfactory way of keeping the SiO, content of the 
steam at a minimum is the system of precision control'® involving 
the maintenance of a low and carefully controlled concentration 
of phosphate in the boiler water, at the same time insuring that 
enough magnesium enters the boiler to combine with the silica as 
serpentine (83MgO.2Si0:.2H;O). This substance is so nearly 
insoluble that the residual silica in the water of a high-pressure 
boiler may be held as low as 2-3 ppm.* '® #4 

Experience over a period of several years in a number of plants 
has shown that it is not necessary to eliminate phosphate, nor 
does it seem desirable in view of the tendency to accumulate 
calcium in the boiler water until calcium sulphate or calcium 
silicate begins to deposit as hard scale. The objective is to pro- 
portion the phosphate to the calcium and the silica to the mag- 
nesium so that the residual soluble silica is a minimum, magne- 
sium phosphate is not formed as an adherent sludge, yet calcium 
is removed completely as calcium phosphate. 

It will be surprising if further progress in the production of 
power does not raise to importance additional aspects of the ac- 
tion of steam as a solvent. In anticipation of that progress, we 
should be grateful to the authors for bringing down to what are 
to them the “low” pressures of 1000 to 2000 psi, the broad scien- 
tific viewpoint, as well as the specific data they have been accumu- 
lating for many years. 


F. G. Srravus."* When a paper is prepared for presentation 
before a society such as this the writer believes it should be 
written and presented in a manner so that it will be of some value 
to the audience. Primarily, the author should recognize the 
problem or question which he is trying to answer; then the data 
that are pertinent to the answer of that problem should be as- 
sembled in a manner which the audience or reader can under- 
stand. 

The writer has attempted to read the paper the authors have 
prepared in order to see what value it can possibly be to the 
steam-power-plant industry, but can find practically nothing at 


” “Precision Control of Boiler-Water Conditions,” by R. E., Hall, 
Proceedings of the Ninth Annual Water Conference, Engineers 
Society of Western Pennsylvania, 1948, pp. 81-95. 

11 “Prevention of Silica Deposits on High-Pressure Turbine Blades,” 
Progress Report by Wisconsin Electric Power Company to Power 
Station Chemistry Subcommittee, Edison Electric Institute, May, 
1945. Discussed in reference 10. 

12 Research Professor in Chemical Engineering, University of 
Illinois, Urbana, Ill. Mem. ASME. 
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this stage of their reported work which is of any help either from 
a research or operating viewpoint. 

In their introduction they state: ‘As the water rises in the 
boiler tubes the rapid transfer of heat through the tubes results in 
violent and turbulent boiling. This boiling occurs primarily at 
the interface and at this interface the dissolved material becomes 
concentrated, and in some areas solid material separates.” If, 
as they state, there is violent and turbulent boiling, how can the 
dissolved material become concentrated to the solid at what they 
call the interface? They go on and say, “It is not the distribu- 
tion coefficient of silica between steam and dilute boiler water 
which is in question—but between a solution of unknown con- 
centration, which at some places becomes saturated solution 
from which silica may be deposited.” If we assume that such 
concentrations may exist, there is, as the authors state, a violent 
and turbulent boiling which must bring the steam in contact with 
boiler water and ultimately leave the boiler drum in contact 
with the boiler water. This will establish the distribution coeffi- 
cient between the steam and boiler water and not between the 
steam and the solid. The authors certainly are not familiar with 
data collected from operating boilers. In these boilers a definite 
ratio of silica in the steam to soluble silica in the boiler water is 
established and even when there is known hideout of silica it 
does not increase this ratio. 

The data presented by the authors from their laboratory tests 
cover very little of the range applicable to boiler operation. In 
Table 1 of the paper, data are given for superheated steam at 
1000, 2000, 5000, 10,000, and 15,000 psi. Assuming the data 
at 1000, 2000, and possibly 5000 psi are of value—why is the 
paper burdened with data at 10,000 and 15,000 psi? In Table 1 
the data are not presented in a form that the engineer can com- 
pare readily with existing data, that is, ppm. 

Table 2 makes an attempt at using a terminology similar to 
parts per million and then confuses the reader further by referring 
to solubility of SiO, in one column and saying partial pressure 
of SiO, in another column. If it’s solubility of SiO, in steam, 


then the SiO, does not have a partial pressure. Again, in this 
table, data for extreme pressures are given. 

Table 3 gives the so-called solubility of SiO, glass in super- 
heated steam with no further definition of glass than opaque or 
clear silica glass. 

Table 4 sums up all the data and it too gives 10,000 and 15,000 
psi which do not apply. The data as plotted contribute nothing 
new to the paper, and do not distinguish between degrees F and 
C. 

They give no data regarding the solubility of other substances. 

In their discussion they state, “Straub determined the solu- 
bility of precipitated silica in steam.” We did not determine 
solubility. We definitely distinguished between solubility of 
salts in steam and vaporization of silica acid. 


Crosure By G. W. Morey 


It is interesting that the values in steam found by different 
authors do not greatly differ. This is shown by Fig. 6 by the 
results given in the discussion by A. A. Berk, and by the results 
published by Kennedy" since the presentation of this paper which 
show excellent agreement with those in this paper. 

The difference in the “solubility” results obtained with quartz 
and with silica glass would be expected to be larger than between 
calcite and araginite. The free energy difference between two 
crystalline forms would be expected to be relatively greater than 
between a crystal and a glass, which is thermodynamically an 
undercooled liquid. Nevertheless, this large difference in solu- 
bility at 2000 psi, 752 F, is surprising and larger than found at 
other temperatures and pressures. It should also be mentioned 
that not only did the colorimetric determinations made both by 
the Hall Laboratories and by the Philadelphia Quartz Company 
agree well with our gravimetric results, but also no difference was 
found between the samples as received and when treated to con- 
vert any “colloidal” silica to “‘erystalloidal” silica. 


13 “A Portion of the System Silica-Water,” fe George C. Kennedy, 
Economic Geology, vol. 45, 1950, pp. 629-653. 
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Stress and Deflection Tests of Steam- — 
Turbine Diaphragm 


By V. C. TAYLOR,' NEWPORT NEWS, VA. 


This paper gives the results of tests made on a high- 
pressure and a low-pressure steam-turbine diaphragm. 
These diaphragms were subjected to loads which were 
applied uniformly along a semicircular arc. Data were 
taken on the deflection, reaction distribution, and nozzle- 
vane stresses. The information derived from these tests 
is incorporated in a method for calculating diaphragm 
stresses and deflections. 


INTRODUCTION 


HE solution for the stresses and deflections in a turbine 
diaphragm is complicated by the fact that it is a split ring 
rather than a continuous ring. It is, however, necessary to 
split the diaphragm into halves in order to facilitate assembly of 
the turbine. The combination of the split diaphragm and the 
nozzle vanes makes a very complex structure. 
Four important factors that must be considered in the mechani- 
cal design of a steam-turbine diaphragm are as follows: 


1 The deflection of the diaphragm due to steam loading. 
2 The distribution of the reaction. 

3 The stress in the nozzle vanes. 

4 Inner and outer ring stresses. 


Because of the complexity of the structure, any mathematical 
solution must be based on a simplification of the problem. Pub- 
lished literature on this subject involves such simplification that 
the final result is subject to considerable doubt. Therefore 
it was considered desirable to run tests to obtain this informa- 
tion. 

The first Newport News tests were made in 1940 on a high- 
pressure diaphragm. In 1948 a design problem necessitated the 
running of tests on a low (or medium) pressure diaphragm. 
Since resistance-wire strain gages were in general use in 1948, 
it was possible to make more complete tests than those made 
earlier on the high-pressure diaphragm. 

The objectives of these tests were to secure information that 
vould be used as follows: 


1 To determine whether the particular design of diaphragm 
was satisfactory for its service. 


2 Toselect a mathematical solution to fit the information ob- 
tained from tests. 


In 1932 Mr. A. M. Wahi presented a paper in which he an- 
alyzed an annular half rings (without nozzles).?- His method with 
some modifications has been applied to the applicable data from 
these tests and has checked reasonably well. In determining the 


1 Engineering Technical Department, Newport News Shipbuild- 
ing and Dry Dock Company. Mem. ASME. 

* “Strength of Semicircular Plates and Rings Under Uniform Pres- 
sure,”’ by A. M. Wahl, Trans. ASME, vol. 54, 1932, pp. 311-320. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 26-December 1, 1950, of 
Tue American Society or MecHanicaL ENGINEERS. 

Nore: Stat ts and opini advanced in papers are to be 
understood as individual exp of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 1, 1950. Paper No. 50—A-49. 


nozzle-vane stress, it is necessary to know the reactions acting 
on the diaphragm and the behavior of the vanes in transmitting 
these forces. The reaction calculated by Wahl’s method must be 
adjusted in order to obtain values that are sufficiently close to 
the actual to be used in finding the blade stresses. 

A mathematical solution which is based on a simplification 
of the problem should be used in the light of test results. The 
test data available at present are limited. Additional informa- 
tion is needed on diaphragms of other proportions. This would 
give a better idea of the accuracy of some of the calculations, and 
could be used to refine others to give increased accuracy. 


Apparatus For Test 


Details of the low-pressure diaphragm are shown in Fig. 1. 
This is the second-stage low-pressure diaphragm of a 12,500-hp 
) marine turbine. The pressure drop across the diaphragm is 13.6 
psi at maximum power. This gives a total load of 5850 Ib on each 
half. 
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—| 17.75 DIA 


33.11 PITCH DIA 


NUMBER OF NOZZLES—— —— 58 
HEIGHT OF NOZZLES — — — — 211" 
NOZZLE ANGLE 
MATERIAL OF INNER 

AND OUTER RINGS ——-—FORGED STEEL 
MATERIAL OF NOZZLE ASTM A276-44T 

RING CLASS 410 (13% CR) 

MATERIAL OF WELO———25%CR 20%NI 
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It was not considered necessary to duplicate operating aid. 
tions by applying a uniform pressure over the steam-loaded area. 
A calculation of the stiffness of the diaphragm in resisting bending 
moments in a radial plane, indicates that the substitution of a 
load distributed along an arc instead of a unifornly distributed 
load, would have a ne, ligible effect on the diaphragm deflection. 
In the test, the diaphragm was subjected to a load uniformly dis- 
tributed around a semicircle whose center of gravity coincided 
with the center of gravity of the steam-loaded area. 

Figs. 3 and 4 show the arrangement for testing the diaphragm. 
The force A was applied with a hydraulic testing machine 
through a ball connection to the rigid loading frame B. The 
frame transmitted the load to the diaphragm D, through a rubber 
strip C. This was used to insure even distribution of the load. 
The diaphragm rested on the aluminum-bronze supporting ring E. 
Resistance-wire strain gages mounted on this ring were used to 
determine the reactions. Dial indicators mounted on the base 
plate gave the deflection of the diaphragm. Location of the 
indicators is shown in Fig. 3. 
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A view of the supporting ring is shown in Fig. 5. Fig. 6 
shows a portion at one end. The ring was cut in segments with 
gages mounted in the center of each segment. The gages were 
spaced closer toward the end of the diaphragm because, as will be 
shown later, the curve of reaction is changing rapidly in this 
region. At each location where measurements were made on the 
ring, two gages were mounted, one on the inside and one on the out- 
side. These were connected in series. Any bending in the 
support ring would decrease the electrical resistance of the 
strain gages mounted on the side in compression and increase, 
by the same amount, the resistance of the gage on the side in 
tension. This eliminated the effect of any bending strains; thus 
readings of only the compressive reaction were obtained. 

Fig. 7 shows the gage wires and some of the gages mounted 
on the bottom of the diaphragm (steam-outlet side). 

The gages used in measuring the stresses in the nozzle vanes 
were '/,-in. SR-4 strain gages. They were mounted parallel to 
the vane edges in order to read the maximum bending stress. 
These were located first at the points where the maximum stresses 
were believed most likely to occur. It was found, however, that 
the stress pattern was considerably more complex than had been 
expected and additional gages were mounted later. 


APPARATUS FOR HiGH-PREsSURE-D1APHRAGM TEsT 


Details of the high-pressure diaphragm tested are shown in 
Fig. 2. 

The test arrangement used for applying the load to the high- 
pressure diaphragm was similar to that used for the low-pressure 
diaphragm. However, the reaction ring was not used since 
this test was conducted in 1940, and as mentioned, strain gages 
were not in general use. For the deflection test, the diaphragm 
rested on */j¢-in. X °/js-in. steel blocks which supported it along 
the outer edge. 

For the reaction measurements, the diaphragm rested on '/s-in- 
diam X '/-in. brass crushing pins which were located close to 
the outer edge with their axes radial. A number of pins were 
calibrated to give a curve of the permanent set versus applied 
load. From this curve the reactive force of each supporting pin 
was obtained by measuring the amount of crushing it underwent 
during the test. It was necessary to run several tests in order to 
obtain a spacing for the pins which would give equal crushing 
at all points. Difficulty was encountered in obtaining the read- 
ings at the ends because of the extreme concentration of the reac- 
tion. 
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Fic. 4 Low-Pressure Diapnracm in Testing Macnine 

diaphragm is shown in the Appendix. This is an approximate 
solution for a semicircular annular ring. To the author’s knowl- 
edge there is no exact solution. It is necessary to consider the 
diaphragm as a semicircular annular ring of uniform thickness, 
thus neglecting the differences in rigidity between the nozzles 
and the rings. During loading, a radial section is assumed to 
remain undistorted (no curvature in a radial plane). Deflec- 
tion measurements taken during the tests showed that this as- 
sumption was justified. The solution gives deflection of the 
diaphragm, stresses in the ring, and reaction distribution. The 
resulting reaction consists of a distributed load and a concentrated 
force at the ends of the diaphragm. This concentration of the 
reaction at the ends checks reasonably well with the test results. 
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method of calculation is concerned, Wahl’s method plus the 
modifications to be suggested later should be satisfactory for de- 
sign purposes. 


DEFLECTION 


The deflection measurements from the test on the high-pres- 
sure diaphragm are shown in Fig. 8. Because of the short rigid 
vanes, this diaphragm approaches quite closely the solid ring 
which was assumed in the calculation. The 60,000-lb load gave a 
maximum deflection of 0.190 in. This occurred at the end of the 
diaphragm on the inside corner. Unfortunately, because of test- 
ing difficulties, it was necessary to apply the load midway be- 
tween the outer and inner diameters of the diaphragm. The 
same load applied uniformly over the area or along a semicircle, 
whose center of gravity coincided with the center of gravity of 
the area, would have produced a smaller moment and thus less 
deflection. Correcting the test reading for this difference gives a 
deflection of 0.169 in. The calculated figure for this point was 
0.181 in. 

Measured deflection on the low-pressure diaphragm is slightly 
lower than the calculated values. The deflection of this dia- 
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phragm for a series of loads is shown in Fig. 9. A set of indicators 
was mounted at each end of the diaphragm, and a single indi- 
cator was located at the center of the inner arc. Each of the 
points connected by solid lines represents the average of two end 
deflections. These curves show only slight deviation from the 
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straight line which was assumed in the calculation. It is believed 
that this variation is sufficiently smal! to justify the assumption 
that there is no curvature in a radial plane. 

The calculated maximum deflection for the low-pressure 
diaphragm with a 5850-lb load was 0.0237 in. This is 12 per cent 
lower than the figure indicated by the test. 

The measured deflection of the high-pressure diaphragm was 
quite close to the calculated value, whereas the deflection of 
the low-pressure diaphragm was slightly higher than calcu- 
lated. This is probably due to a decrease in rigidity resulting 
from the longer nozzle vanes in the low-pressure diaphragm. For 
this reason a considerable margin should be used for dia- 
phragms whose nozzles are longer than those in the diaphragms 
tested. 


Reaction 


From Fig. 8 it is seen that a very rapid change in deflection 
occurs along the inside edge of the diaphragm near the ends. 
This bending down of the corners tends to concentrate the sup- 
porting reaction at the ends and along the center portion of the 
outer ring, while reducing it between these locations. 

The reaction-distribution curve for the high-pressure dia- 
phragm is shown in Fig. 10. This curve gives the reaction as a 
percentage of the average. The center of the diaphragm is at 
90 deg. The curve shows the high concentration of reaction at 
the ends of a diaphragm and gives a general idea of the distribu- 
tion. The reaction distribution for the low-pressure diaphragm is 
given for low loads in Fig. 11 and for high loads in Fig. 12. 
Since strain gages were employed, the data obtained probably 
were more accurate than those obtained with the high-pressure 
diaphragm. There is little difference between the distribution 
for the low loads and the high loads. These curves show that, for 
this diaphragm, the intensity of the reaction in the supporting 
ring at the ends is about 16 times the average reaction. 

Fig. 13(A) gives the calculated reaction distribution for the 
low-pressure diaphragm in pounds per degree (Wahl’s method, 
see Appendix 1). This consists of a distributed reaction which 
varies from a maximum in the upward direction (positive, acts on 
diaphragm in a direction opposite to the steam load) at the center 
of the diaphragm to a maximum in the downward direction 
(crosshatched area) at the ends, and a concentrated upward 
force F, at each end. Since the test diaphragm was simply sup- 
ported, no downward force could be exerted by the supporting 
ring. This is not the case in an actual turbine installation, 
where the diaphragm support is capable of exerting a force in 
either direction. Since, however, no lifting of the diaphragm 
from the support ring could be detected at any point, it is be- 
lieved that the downward diaphragm reaction in a turbine is 
small, or nonexistent. In order to obtain a reaction diagram 
which more closely resembles the test results, the downward sec- 
tion must be eliminated and the ccncentrated load replaced 
with a distributed load. 

Fig. 13(B) illustrates the method used in subtracting the cal- 
culated downward reaction from the upward. The downward 
distributed reaction W, is replaced with a concentrated force F 
The concentrated force F; is 
located at the end of the diaphragm and subtracts directly from 
the upward force F,. The resultant force is assumed to be dis- 
tributed over the first 5 deg varying uniformly from a maximum 
at zero degrees to zero at 5 deg. This loading can be repre- 
sented by the concentrated force W;. The distributed down- 
ward reaction (W,) (crosshatched area) is subtracted from the 
calculated upward reaction (upper curve in Fig. 13(B), as shown. 

In adjusting the calculated reaction, the total moments and 
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Low Loaps 


x = WwW, x L.— 
W, =F, —F; 


Moments are taken about the diaphragm joint and the moment 
arms L are perpendicular to it. 

The assumption that reaction W, is distributed over an arc of 
5 deg was based on the test curves and will vary somewhat, de- 
pending upon the stiffness of the particular diaphragm. For the 
high-pressure diaphragm, this reaction may be considered to ex- 
tend over about 8 deg. This sane is — different from 
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PERCENTAGE AVG LOAD PER DEGREE = the low-pressure and the data probably are not as accurate. It is 
LOAD PER DEG ON _ SECTION X 100 believed that the end reaction could be assumed over the first 
AVG LOAD PER DEG ON SUPPORTING RING - 
5 deg for most diaphragms. 
WERE The distribution of W, was selected to produce the best agree- 
ment between the calculated and the test curves. The curve 
for the new distributed upward force, formed by the bottom of the 
30000, AND LOAD TESTS curve, was selected so that most of W, would be as close to its 
original position on the diagram (as part of W;) as practical and 
_ yet form a smooth curve fairing into the original calculated 
curve, 


Fig. 13(C) shows the oy esleuintes curve in per cent 


1800 
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1400 


Though this reac- 
i tion distribution appears to be considerably different from the 
eee original, Fig. 13(A), the net effect on deflection and ring stress, 
see produced by either loading should be approximately the same 
4 since this difference is mainly local action. In the calculation of 
vane stresses, however, it is felt desirable to use the curve which 
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pressure diaphragm caused increased attention to be given to 
vane stresses. The amount of this reaction carried by the end 
vanes was not known, nor was the behavior of the vanes under 
load. Therefore, in testing the low-pressure diaphragm, it was 
felt necessary to measure vane stress at a number of points. This 
was done to find the nature of the deflection of the blades as well 
as the maximum stresses. t 

Table 1 gives the blade stress for the 9000-lb load. The 
highest stress was found in blade No. 2. This is the first com- 
plete blade at one end of the diaphragm. Blade No. 1 is the trail- 
ing edge of a blade which is cut off at the diaphragm joint as 
indicated in sketch B accompanying Table 1. It has little stiff- 
In a similar manner, blade No. 59 is cut off by the joint, 
except that it is the entering edge which remains. 

A diagram of the stresses for the first partial and the first full 
nozzle vane from each end is shown in Fig. 14. The stresses are 
plotted perpendicular to the vane profile at the points where they 
were measured. It can be seen that the stresses are extremely 
complex. The distribution of the stresses in the vanes at one 
end of the diaphragm is considerably different from the distribu- 
tion at the other end, but the maximum stresses are approxi- 
mately the same. The differences are probably due to the nozzle 
vanes facing in opposite directions relative to the ends of the 
diaphragm. 

In what follows a rational though approximate approach is 
made to the solution of vane stresses, and an example is caleu- 
lated. While this calculation contains drastic simplifications, 
it will serve to show the nature of blade behavior under the reac- 
tion loading. 

In the calculation which follows, the first full blade (No. 2) 
has been chosen because it is the most highly stressed. This 
blade has been assumed to carry the reaction for the first 3.1 
deg of the arc (3.1 deg = vane spacing) Fig. 15(A) curve No. 1. 
The effect of the partial vanes has been ueglected. The blades 
have been assumed to act as guided cantilevers fixed at the 
inner ends and loaded at the h the reaction. Under 
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this condition, the blade will be subjected to two forces, the up- 
ward force F,, from the reaction of the support, and a tangential 
force F,, from the outer ring. These forces are shown in Fig. 
15(B). The foree F; may be resolved into the components F; 
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and F; acting normal to the principal axes of inertia of the blade. 
The angle @ is the angle between the minimum axis and the plane 
of the diaphragm. The forces F; and F, produce the deflections 
A, and Aj, shown in Fig. 15(C). These combine to form the 
resultant deflection AB caused by F,. The component of AB 
along the X-axis is A;. 

The force F, is likewise resolved into components F, and Fy, 
which produce the deflections A, and Ay. The deflections A, 
and A. combine to give the deflection C 'B produced by F,. The 
component of CB along the X-axis is Ay. The algebraic sum of 
«A; and A, gives A,, which is the resultant deflection along the X- 
Since the blades are tied together by the outer ring, they 
must all have the same value of A,. Furthermore, since the 
tangential stress in the outer ring must be zero at each of its ends, 
the summation of F, from 0 to 180 deg must be equal to zero, 
that is, some blades will have F, acting in one direction, while 
others have it acting in the opposite direction. | By making use of 
these two relationships, the forces acting on any blade can be 
calculated as shown in the Appendix 2( A). 

Table 2 gives the calculated and measured stresses for blade 
No. 2 (first complete blade from the end) and No. 3. The 
measured stresses are taken from the 9000-lb-load test, but 
have been reduced to correspond with the 5850-lb load used in 
obtaining the calculated stresses 


AXIS. 


TABLE 2 CALCULATED AND ME 1-7 Se eed STRESSES FOR 


BLADES 2 
Upward force 
(Fv 


Vane 


Per cent diff 


It is seen in Table 2 that the calculated stress for blade No. 2 
is 35 per cent above the measured, whereas the calculated value 
for blade No. 3 is 57 per cent below the measured. This indi- 
cates that a portion of the force from the supporting ring that was 
assumed to be taken by blade No. 2 is actually carried by blade 
No. 3. This is probably due to a twisting moment being trans- 
mitted through the nozzle vanes. As yet the author is unable to 
give a satisfactory method by which the actual loading on the 
vanes can be determined from the reaction of the support on 
the outer ring. It is believed that a more detailed solution of the 
forces acting would prove very complex. 

Line (3) of Table 2 shows that the percentage difference be- 
tween the calculated stresses on blades 2 and 3 is less than the 
percentage difference of the applied force. This is due to the 
fact that the higher the portion of the total reaction that is car- 
ried by a blade, the closer its neutral axis will approach the X-axis, 
and thus the greater will be its resistance to bending. The ef- 
feet that the load has on the location of the neutral axis is illus- 
trated with a plot of the stress shown in Fig. 15(D). Blade No. 2 
with the higher load, has a neutral axis close to the X-axis, 
whereas the neutral axis of blade No. 3 is close to the minimum 
axis. 

If blade No. 2 is assumed to bend about the X-axis the stress 
obtained is 5890 Ib, as compared with a measured stress of 5330 Ib, 
Appendix 2(B). It should be noted that using the X-axis and 
considering the blade as a fully guided cantilever are optimistic 
assumptions. The use of too high a load acting on vane No. 2 
compensated for this. 

A simplified method that may be used in calculating the blade 
stress is to assume that the full concentrated force P, obtained 
by Wahl’s method, is acting on the end of the blade. This elimi- 
nates the necessity for determining other points on the reaction 


curve. The stress obtained by using the full end reaction and 
the X-axis is 14,950 psi, or about 2'/; times the measured value, 
Appendix 2(C). In cases where vane stresses are not high, this 
method could be used in plcce of a more detailed calculation. 

Some have advocated the use of the full concentrated end 
force and the minimum axis. The stress obtained with these 
assumptions is 40,000 psi or about 8 times the measured, Ap- 
pendix 2(D). Such conditions are far too severe. 

The stress in the vanes can be allowed to be quite high since, 
if one vane should yield, the load would be thrown on the ad- 
jacent vanes which have lower stresses. 


CONCLUSIONS 


1 It is indicated by these tests that, in most cases, the de- 
flection will be the limiting factor in diaphragm design. Wahl's 
method gives deflections which are reasonably close for dia- 
phragms with short vanes, but are too low for diaphragms with 
longer vanes. 

2 The reaction-distribution curve should be known or esti- 
mated before vane stresses can be calculated. This can be done 
by using Wahl’s method and distributing the negative reaction 
over the adjacent diagram. 

3 Approximate vane stresses may be calculated using the 
methods described in Appendix 2( A ) or 2(B). 

4 It is suggested that stresses in the diaphragm rings be 
calculated by taking a section through the center and calculating 
the difference (algebraic sum) between the moments produced by 
the steam-loading and the reactions (see Appendix | for an ex- 
ample of this procedure). 

5 Since stress measurements were obtained on only one dia- 
phragm, caution should be used in applying the results to dia- 
phragms whose proportions vary greatly from the one tested. 
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This method of solution for the stresses and deflections in a 
semiannular ring is taken from Wahl’s paper.* A brief outline 
of his derivation is given, however, in order to clarify the source 
of the factors used in the calculation form. 

The sign of one of the terms in the expression given by Wahl 
for y (Equations [18] and [19}*) is not in agreement with that 
derived herewith. It is believed that this is a typographical 
error. One of the calculated deflection curves given by Wahl 
has been checked using the signs obtained in this derivation. 
The deflection obtained was the same as that on the curve in 
Wahl’s paper 

It should be noted that in the curves shown throughout this 
paper, the end of the diaphragm was designated as 0 deg, the 
center 90 deg, and the opposite end 180 deg. In the case of the 
following calculations (Wahl’s method), the center is taken as 0 
deg and the end as 90 deg. 
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The following nomenclature is used in this Appendix (shown 
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bending moment 
twisting moment 
shear force 
torsional rigidity of rectangular cross section 

modulus of elasticity 

mean radius of plate 

uniform pressure 

reaction of support per unit length of circumference 
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moment of inertia of section perpendicular to mean 
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Norte: equation 15 
It is assumed that the diaphragm deflects without curvature 
in radial planes. Considering the segment.contained by the 

angles a and a + da, the equations for equilibrium are 
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(b) H = Paata = rt Pp = cities reaction at a = — 


-H+Qr=0 


Boundary conditions: 


(a) M =Oata = 


(joint) 
(c)Q = 
(d) H =Oata=0 


The law of deformation is rhs as follows (from theory 
of curved bars bent out of plane of initial curvature) 


Pata= 


1 
— Wahl? equation 63. 


In these five equations there are five unknowns: w, H, M, Q, 
and q. Eliminating all unknowns except w, the fundamental 
— for the deflection is obtained 
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A general solution for this equation is 
W = C, cosh y:a@ + C, cosh yea + 
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Substituting the boundary conditions (a) M = 0 ata = > and 


(b) H = Pa = Qaata = 3 the following equations are obtained 
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These two equations are solved simultaneously for C, and C. 
With the value of C; and C2, the following can be found 
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dw 
da? 


Cy, cosh yrae + C2 cosh 


_ CR dw dw 


da da = C, sinh + C2 sinh ye 


The diaphragm used in the calculation which follows is the 


low-pressure second-stage diaphragm which previously has been 


described. 


Maximum pressure differential 
Outside radius 

Mean radius... 

Half width dant 
Mean equivalent plate thickness... . . 


psi 
in. 
in. 
in. 
in. 


C. El = (1 — 0.625h/2a) 4G/E. 


1/2 (R, (C/EN).. 
(ra/R*) + 1/4 
(r/a + B).. 

VA + 2BV/K 
VA —2BVK 
D=A+B8B 


(m1? — D) sinh 


¥2 — D) sinh = 


1/r (r/a — yi*) cosh -1459 


1/r (r/a — cosh 0.2382 


2 pa*r/EI (r/a — 1/3) 
Simultaneous Equations: 
an + = 0 


0.001682 


ay Ci + dn C2 +b, = 


C, = 1.375 10° 
= 1363.1 X 10 
Cy = 8672.8 X 108 
Horizontal joint 
4 
cosh Y; @ 
1310.6 
1888.8 
11872.2 10-* 
0.02374 defl. on 
inner edge (in.) 
30303.8 10* 
555.1 
30858.9 X 10° ws 


cosh yi @ 
C; cosh We 
Sum = d*w/d a’... 


w = C, cosh + cosh y, a + Cs 


Book Company, Ine., New York, N. Y 


Horizontal joint 
sinh 
einh ya 
Cs ¥2 sinh @ 708.4 
7010.5 X 108 
13227 torsional 
moment (in-lb.) 
(El /arywo 11510.1 
(EI d*w/dat.... 11507 .3 
Difference = M 9.8 0 bending 


moment (in-lb) 


H = CR/ar* dw/da 


P)(a?/R) 12 919 PF. 12.919 
M/aR... 0 
(C/(ar)*}  ——§08 321 
Difference = q — 595.402 = distrib- 
uted reaction (lb/ 
deg) 


2565 = concen- 
trated reaction (Ib) 


Mh _ 9569.8 X 1.375 


Maxi bending st elke 
aximum bending stress 2x2 24 


Maximum bending stress = 2945 psi 


3a + ODA 
h* 
3 X 5.15625 + 0.9 X 1.375 


2 5.15625" & 1.375 
Maximum shearing stress = 2198 psi 


Appendix 2 a 

Maximum Srress 

Four methods of calculating the maximum blade stress are 
given. The last method is one that has been used, but whose 
assumptions are considered too severe. 

In all cases the diaphragm is subjected to a steam load of 5850 
Ib, and the blades are assumed to bend as guided cantilever 
beams. The location of the point of maximum stress and its 
distance C from the neutral axis will vary, depending upon the 
neutral axis used in the particular method. The axes are shown 
in Fig. 15(B). 

(A) Total reaction F = 5850 lb (load on diaphragm at maxi- 
mum power) 

Number of blades, V = 58 
Blade length, | = 2.11 in. 

= 0.02068 in‘ 

I, = 0.2022 in.' 

Cy 


Maximum shearing stress‘ = H,/2 X = 13.227 < 


= —0.79 in. (these values of C are for the point where the 
maximum stress was found to occur) 
Cy = —0.35 in. 
= 58°11’ 
sin a@ = 0.850 
cos a@ = 0.527 
sin 


= ~ = 0.106 
= 


by R. J. Roark, McGraw-Hill 
, 1938. 


“F for Stress and Strain,” 


: 


4 
18.5625 
13.4062: 
5. 1562: 
30 X 10° 
11.5 X 108 
67.020 X 10* 
2.334 
11.7076 
0.5422 
20.8152 
— 


= 0.665 X 10-* F, 
= 0.068 X 10°* F, 


= 1.0744 F, 


7 = A, sin a — A; cos a = 0.507 X 107 
A, = Aycos a + Acssin a = 0.948 
A, = 4:—4 

LA, = ZA, 
ZA, = 0.948 10-* F, = 0 
= NA, 
ZA; ‘ 
A, = N = 0.507 x 10°* X N 


A, = 0.507 X 10~* X avg load per blade 


A, = 0.507 X 10-* X = 51 


for second blade = 1090 lb (from reaction curve) 
A. = 4, — A, = 502 x 
= = +530 (the direction 

0.948 10-* 

reverses when A,> A,;) 

F, = 5380 cos a = +280 
Fe = —(530 sin a) = —450 
F, = 1090 sina = +925 
F; = 1090 cos @ = +575 
F,’ = F; + Fy = 1205 
F,’ = Fy + F, = 125 

MC, _ 125 X 2.11 X (0.35) _ 


S. — 


I 2 X 0.02068 


sion) 
MC, 1205 X 2.11 X (—#.79) 
2 x 0 2022 = —4965 (compres- 
sion) 
Total stress = —2230 — 4965 = 7195 psi (compression) 
(B) The conditions are the same as used in calculation (A), 
except that the blade is assumed to bend around the X-axis. 
F, = 1090 lb 
lt = 2.11 in. 
I, = 0.1645 in.‘ 
C = 0.91 in. 
Fic, 


-and sign—of F, 


—2230 (compres- 


Maximum stress = 5890 psi 
=z 
(C) The concentrated reaction P acting at the end of the 
outer ring (obtained from Wahl’s calculation shown in Appendix 
1) is carried by one blade. The blade is assumed to bend about 
the X-axis. 


Forcing acting on blade 


Maximum stress.......... 


(D) The concentrated reaction P is carried by one blade. 
The blade is assumed to bend about the minimum axis. 
Angle of minimum axis with surface of diaphragm @ = 58°11’ 
Component of force acting perpendicular to minimum axis 
P X cos 58°11’ = 13501b 
TE = 0.02068 
CE = 0.58 in. 
P X cos 58°11’ X l x CE 


OCTOBE R, 1951 


Discussion 


R. W. Nouan.* This excellent and much needed paper fits into 
one of the gaps in the existing literature on steam turbines. 

The author’s conclusion (1), that “in most cases the deflection 
will be the limiting factor in diaphragm design,” appears to be 
correct. It is, however, of interest to consider the exception 
to this rule, that is, the diaphragm in which the vane stress 
rather than the deflection may govern. This might occur in a 
turbine where there is ample space for the diaphragm to deflect 
without fouling its sealing fins or some rotating part. 

In the diaphragm which was tested, the calculated vane stress 
was 7195 psi with a load of 9000 lb. At the designed load of 
5850 lb, the calculated stress would be 4680 psi. This is a rather 
low operating stress. If, the elastic limit of the material were 
70,000 psi, the nominal factor of safety would be 14.9, a rather 
high value. If, however, the diaphragm had lighter vanes, and 
larger pressures, it might be possible to run the stress up above 
the elastic limit. In such a case the reaction diagram would 
change radically. Fig. 17, herewith, shows the reaction diagram 
from the author’s Fig. 12. The reaction curve which would be 
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Fie. 17 


obtained if the nozzle vanes were extremely flexible has been | 
superposed on this diagram. This is also the reaction diagram 
which is approached if the nozzle vanes yield. As long as the 
vane material is sufficiently ductile, this reaction curve will 
be reached before failure can occur. The values of the reaction 
were obtained by assuming the reaction to be a linear function 
of the distance from the joint and then calculating the distribu- 
tion which would make the resultant of the reaction forces coin- 
cide with the resultant of the uniformly distributed load. It 
will be seen that the maximum reaction is approximately 200 
per cent at the diaphragm ends, dropping to 40 per cent at the 
center. The maximum reaction is thus '/s of the value obtained 
when the diaphragm acts elastically. Using this distribution, the 
stress in No. 2 vane has been calculated by the method illustrated 
in Appendix 2(A) of the paper. This gave a value of 1900 psi. 
Appendix 2(A), however, assumes the vane to act as a guided 
cantilever. This assumption could not be expected to hold 
for very high loading. It therefore appears necessary to treat 
the vanes as simple cantilevers, thus obtaining a stress of 3800 
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psi. This is a little over one half of the stress (7195 psi) 
obtained when the diaphragm behaves elastically, Appendix 
2(A). There is thus even more margin of safety in the methods 
of calculation outlined in Appendix 2(A) and (B) than is indi- 
cated by the nominal factor of safety. This additional margin 
can be kept in mind if a case of high vane stress is encountered. 


F. L. Jacxson.* The Wah!’ theory for stress and deflection 
of semicircular plates has not found the broad application it 
deserves, principally because the final results are not given in a 
simplified form for numerical calculation. Reference to Wahl’s 
paper or to Appendix 1 of the author’s paper reveals the extensive 
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ForMULA FOR Fiat 
= 


K’sP(r + a)* 
Eh* 
analysis required for one particular case. A simple method is 
presented to enable a designer to apply the results of this theory 
directly and also to determine the effects of a change in the 
physical dimensions on maximum deflection and stress. This 
method was derived by equating the Wah) equations for stress 


Fie. 


KaP(r + a)* 
= 


* Research Engineer, De Laval Steam Turbine Company, Trenton, 
N. J. 

7 “Strength of Semicircular Plates and Rings Under Uniform 
Pressure,” by A. M. Wahl, Trans. ASME, vol. 54, Paper No. APM- 
54-28, 1932, pp. 311-320. 


887 


VALUE OF THE CONSTANTS Ko,Kaw AND Ko’ 


OA 0.5 0.6 
RATIO(L=&) = INNER RADIUS 
OUTER RADIUS 


Fic. 19 Curves ror Fivpine Kove, Ke, anp tn Stress 
ror Fiat Plates 


KaveP(r + a)? KeP(r + a)* 


K,'P(r + a)* 
724 max = 


and deflection to corresponding simple plate-theory equations, 
and obtaining equivalent constants K in terms of the Wahl 
parameters. These constants for maximum deflection and stress 
are plotted in Figs. 18 and 19 of this discussion, over a range of 
the most frequently occurring cases of inner radius to outer 
radius and thickness to plate width. It is planned to extend 
these curves and to provide similar curves or data to predict 
the distribution of stresses and deflections throughout the plate. 
For this reason, the curves will be discussed only to the extent 
required for application. 

The notation used is identical with that in Wahl’s paper except 
that Aus: is used for maximum deflections, and Gavg for o’max, 
the average stress over a radial section on the axis of symmetry. 
The difference between K, and Kavg in Fig. 19 is due to the 
stress multiplication factor® Kj, i.e., Gmax = Kidavg, or Ke = 
K,Kavg. Values of maximum deflection and stress taken from 


Reference 7, (34), 
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¢ireular-plate theory* are given 
mentioned that the 


It should be 
Wahl theory neglects any distortion in 
_ radial sections, and irregularities in supporting edges. Radial 
sections will be distorted somewhat at low values of (r — a)/ 


-(r + a), and irregularities in the supporting edge may be ex- 


pected for any installation. Although both of these effects are 
slight, they tend to increase deflection and stress, and any con- 
- servative predictions based on these curves should be increased 
by a slight margin. Test data are needed over a wide range of 
— (r —a)/(r + a) to assess accurately these effects. The curves 
- for maximum deflection are compared with Smith’s'® curve for 
semicircular plates, which is believed obtained by modifying 
simple plate theory with factors based on test. Smith’s curve 
gives fair agreement with the curves at (r — a)/(r + a) of 0.3, 
tt about 8 per cent higher at 0.4, 15 per cent at 0.5, and increases 
to about 35 per cent higher at 0.8. 


It is not known to what 


extent Smith’s curve was verified by test, but the curves in Fig. 


18 are believed more appropriate at the higher values of (r —a), 
(r + a). 

Any attempt to apply these curves to turbine diaphragms must 
be done with extreme caution. These curves may be used as a 
rough approximation for short-vane diaphragms having a rigid 
joint construction, in which the contribution of vane distortion 
is negligible, and temperature effects may be neglected. Even 
with short-vaned constructions, however, the rigidity of the 
joints between the vane assembly and the inner and outer rings 
may have a considerable effect on deflection. | This effect will be 
shown from tests made by the writer’s company on two identical 
diaphragms of different joint construction. The method of 
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Fie, 20 Test APPARATUS 
test is shown in Fig. 20, herewith, the diaphragm being loaded 
with a uniform pressure over the whole diaphragm area. This 
method is believed to represent more closely actual conditions in 
team turbines than that used by the author. The over-all 
dimensions of the two test diaphragms are given in Fig. 21 of 
Diaphragm No. 1 contained large, double-J 
welding ke rfs in n the i inner and outer rings so there was considera- 
ble depth and area of weld metal next to the vanes. Diaphragm 


* “Stress and Deflections in Flat Circular Plates With Central 

a Holes,"’ by A. M. Wahl, Trans. ASME, vol. 52, 1930, pp. 29-43. 
% “Deflections and Stress in Built-Up Half Diaphragms,” 
D. M. Smith, Proceedings of the Fifth International Congress 
— Med hanics, 1938, pp. 62 
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Rotation at Joints 
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No. 2 was identical except that the welding kerfs were reduced 
with consequently less weld metal. 

The maximum deflection and stress for these two diaphragms 
are calculated at 75 psi. From Fig. 18, for (r — a)/(r + a) 
of 0.315, h/(2a) of 0.182, the corresponding value of Ka is 
1.48. Similarly, from Fig. 19, Kavg is 1.31, and Kg is 2.25. 
The maximum deflection is 


(1.48)(75)(11.125)* 
30 X 10%1.39)* 


KaP(r + a)! 


= 
Eh® 


= 0.0211 in. 

The average stress over a radial section on the axis of symmetry 

is 

(1.31)(75)(11.125)? = 6300 psi 
(1.39)? 


KavgP(r + a)? 
i 


Cave = 


The maximum stress at the inner edge on the axis of symmetry 
may be obtained from Gmax = Ki@ave 


or 

KeP(r + a)? 
= 10,800 psi 


= ht 


(2.25)(75)(11.125)* 
(1.39)? 


The relatively rigid joint construction in diaphragm No. 1 gives 
a maximum test deflection of 0.0240 in., which is about 11 per 
cent greater than calculated. This increase is believed due to a 
slight decrease in thickness in the outer ring, slight distortion 
of radial cross sections, and irregularities in the supporting edge. 
Test results for maximum stress give 10,000 psi compared 
to the calculated value of 10,800 psi, which is acceptable for 
design purposes. For the weaker joint construction in diaphragm 
No. 2, the test deflection is 0.0375 in., which is 79 per cent greater 
than calculated, and 64 per cent greater than in diaphragm No. 1. 
This 64 per cent increase in defiection is due only to the de- 
creased rigidity of the joint construction. This effect of rotation 
at the joints in increasing deflections is clearly shown in Fig. 21, 
herewith, and emphasizes the importance of establishing a rigid 
joint construction in controlling deflections. 

For the low-pressure diaphragm of the author’s paper, dis- 
crepancies are noted for the dimensions given on the drawing 
and those in Appendix 1. Assuming that the latter dimensions 
are correct, calculations from Figs. 18 and 19 give Amex of 
0.0237 in., Fave of 2947 me and Omax of 4470 psi. The fact that 
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calibrate the calculated results. 
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the maximum test deflections are within 12 per cent of the 
calculated value may be partly due to the increased thickness 
of the outer ring which tends to stiffen the diaphragm. Test 
values for maximum stress are not given for comparison. The 
author’s suggestion that the average stress as calculated be 
used for the maximum stress demonstrates the need of modifica- 
tion of the Wahl theory. This suggestion is rather arbitrary, 
however, and would apply only to diaphragms of identical con- 
figuration. 

For the range of diaphragms generally encountered in practice, 
some modification of the basic theory is necessary. In many 
cases the structure is of such complicated and geometrically 
irregular form ae to render accurate calculations impossible. 
More complex stress problems arising from excessive temperature 
gradients are not included in this discussion. 

_ A more rational approach would be to treat the diaphragm as 

a combination of three basic elements. These elements are the 
outer ring, vane section, and inner ring, which are joined to- 
gether by welding or other means of a “given rigidity.” This 
would involve a solution of the differential equations’ for the 
inner and outer rings with appropriate modifications at the edges. 
The methods suggested by the author for obtaining stresses in 
the nozzle vanes and determining the actual distribution of 
reaction are an excellent approach toward a more rational treat- 
ment. 

The author is to be congratulated on his contribution to the 
meager information available in the literature on this subject. 
It is only when more test data becomes available over a wide 
range of the many variables involved that any correlation be- 
tween theory and test may be established. 


A. W. Ranxr."' The calculation of stresses and deflections 

in split diaphragms is one of the most complex problems which 
a turbine designer must solve, and, as the author points out, all 
the published analyses employ such simplification that a con- 
siderable amount of testing must be done in order properly to 
Accordingly, it has been neces- 
sary for almost all turbine designers to conduct diaphragm 


deflection tests at some time in order to check particular features 


of individual designs. The writer’s company, for instance, 
conducted similar tests to those reported in this paper during 
the early 1920's, and at that time noted the extreme reaction 
which occurs in the horizontal joints. This is the major reason 
why reinforcing bridges are spaced more closely near the hori- 
zontal joint than elsewhere on the cireumference. The fact 
_ that there is still no complete practicable solution for the cal- 
culation of diaphragm stresses and deflections, however, lends 


even more importance to the author’s excellent publication, 


as the more test data available the more nearly correct will be 
the calibration on the calculated quantities. The industry is 


indebted to the author and his company for making these results 


available for general study. 

The writer is not in complete agreement with the statement 
that the bending down of the corners tends to concentrate the 
_ supporting reaction at the ends and along the center portion 
of the outer ring. In the writer’s op,nion, the high reaction at 
_ the ends is caused simply by the necessity for the gravity center 
of the total reaction to line up with the gravity center of the 
applied load, and the bending down of the corners of the inner 
ring is caused to a considerable extent simply by their being un- 
supported. It also appears that the reaction can be approxi- 
- mated to a satisfactory and practical degree by assuming a 
double sine wave plus two concentrated shear reactions at the 
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horizontal joint. It is difficult to believe that there will be suf- 
ficient bending of an outer-ring of practical dimensions to close 
up the clearance in a diaphragm fit and result in negative re- 
actions. 

Some question can be raised concerning the author’s conclusion 
that deflection in most cases wil] be the limiting factor in dia- 
phragm design. While this conclusion is approached in the 
low-temperature ends, a close watch must be maintained of 
stresses at the high-temperature regions, or excessive creep may 
occur. This, in turn, will result in excessive deflections, but the 
initial calculations would not predict this unless they are in 
terms of the allowable creep stresses. 

The foregoing comments, which do not invalidate the major 
portion of the paper, are secondary to the writer's desire to 
express his appreciation to the author for a timely presentation 
on a subject which is of great importance in the design of reliable 
turbines for both land and marine use. 


Autuor’s CLosurE 


The author wishes to thank Messrs. Nolan, 
kin for their helpful discussions. 

Mr. Nolan has given an interesting analysis of the change in 
the reaction which would occur if the vanes were stressed beyond 
the yield point. This lowering of the maximum stress due to the 
redistribution of the load should be considered if the maximum 
stress appears high. 

The curves presented by Mr. Jackson should be of considerable 
laid in calculating the stresses and deflections of diaphragms. 
The extension of these curves to cover the distribution of the 
stress and deflection throughout the plate should also prove useful. 

Mr. Jackson has brought up an important point in his discus- 
sion of the effect that the circumferential joints have on the de- 
flection. In the case of the diaphragms tested by the author, 
little rotation could have occurred in the joints since, as can be 
seen in Figs. 1 and 2, they were quite rigid. The type of joint 
that is used, as well as the diaphragm proportions, must be con- 
sidered in applying the data from the body of this paper. 

It is true, as Mr. Jackson states, that the deflection of the low- 
pressure diaphragm, Fig. 1, would have been greater had it not 
been for the increased thickness of the outer ring. Probably more 
important than the effect of the outer ring is the effect of the in- 
creased rigidity of the nozzle vanes due to the thickness at this 
section. Had the entire diaphragm been of the same thickness 
as the inner ring, the test deflection would have been expected 
to be greater than the 12 per cent over the calculated. The 
diaphragm shown in Fig. 21 has a decreased thickness in the outer 
ring and vane section which also results in a test deflection greater 
than calculated. It should be noted that the increased deflec- 
tion of the low-pressure diaphragm was due to the length of the 
vanes while that of the diaphragm tested by Mr. Jackson was due 
to decreased thickness of the outer ring and blade section. As 
stated in the conclusions, it is important to consider carefully the 
comparative diaphragm proportions in applying the test results 
from one to the design of another. 

The apparent discrepancy between the dimensions shown in 
Fig. 1 and those used in Appendix I is due to the use of the steam- 
loaded area for the calculation, rather than the actual dimensions 
of the diaphragm. The outer radius was considered as being 
the distance to the point at which the diaphragm was supported 
by the turbine casing. An inner radius was used which included 
the sealing ring segment, since this load must be carried by the 
diaphragm. 

The author is unable to give a measured stress for the inner 
ring of the diaphragm, as requested by Mr. Jackson. In these 
tests strain gages were not mounted on the inner ring since cal- 
culations indicated that stress in the ring was quite low. It was 
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considered more important to concentrate on the determina- 
tion of the blade stresses and deflection, whose values appeared 
to be high, and the reaction distribution. 

In calculating the bending stress for the inner ring the author 
did not apply the correction factor given by Wahl. The factor 
used is for a circular plate where it is necessary for the fibers on 
the inner radius to elongate during bending in a radial plane. In 
the case of the circular plate, this stress due to the elongation of 
the fibers in a circumferential direction, will be constant along 

: any circumferential section. Whereas for the semicircular plate 
such a stress must be zero at the two ends. It does not appear 
that the factor used for the circular plate would be applicable to 
the semicircular plate. 

The diaphragm tested by Mr. Jackson gave a deflection which 
was 11 per cent greater than calculated whereas the maximum 
stress was 7 per cent less than calculated. This indicates that 
the stress at the inner radius is considerably less than indicated 
by the maximum stress. Test data will be needed to tell to what 


ASME OCTOBER, 1951 
extent the stress at the inner radius may be greater than the 
average. 

The author does not consider, as does Mr. Rankin, that the 
necessity for the center of gravity of the reaction to line up with 
that of the applied force is sufficient in itself to explain the reac- 
tion distribution of the diaphragm. A relatively smooth curve, 
as shown in Fig. 17, would fulfill this requirement without the 
high reactions at the end. With such an explanation the mini- 
mum reaction would be expected at the center of the diaphragm, 
whereas it actually occurs between the center and the ends. 

The author concurs with Mr. Rankin’s statement that the creep 
stress may be the limiting factor for the designs of a diaphragm at 
the high-pressure end. During the process of creep the more 
highly stressed blades should tend to distribute their load to 
those less stressed. This would proceed much in the same 
manner as blades in yielding as discussed by Mr. Nolan. How- 
ever, as Mr. Rankin states, the creep may result in excessive de- 
flection. 


: 


= 


High- Temperature Properties and 


_ teristics of a Ferritic Steam-Piping Steel 


With the considerable amount of turbine capacity now 
in operation and being built at the 1000 F and 1050 F 
levels, there is considerable incentive to develop a stronger 
ferritic steel for these temperatures. This paper presents 
a review of the high-temperature properties and manu- 
facturing and heat-treating characteristics of a chro- 
mium-molybd dium alloy. The authors’ com- 
pany is utilizing this composition for turbine shells, valve 
casings, and steam leads at both 1000 F and 1050 F. This 
paper presents the characteristics of the piping form of 
this alloy. Corresponding properties and operating ex- 
periences are also presented on the chromium-free molyb- 
denum-vanadium steel which preceded the chromium- 
molybdenum-vanadium composition. 


INTRODUCTION 


NE of the major engineering accomplishments of the last 

half century is the increase in the generation efficiency 

of our public-utility power stations, as is shown in Fig. 1. 
The major reason for this increase in generation efficiency has 
been the increase in operating temperatures, as is illustrated in 
Fig. 2, which increases the thermal-cycle efficiency. The use of 
the higher temperatures has required the continuous introduction 
of more highly alloyed steels possessing both suitable long-time 
high-temperature properties and adequate processing charac- 
teristics. This has already required lengthy metallurgical de- 
velopments, but such work must be continued because the factors 
which demand an increase in generation efficiency are more potent 
today than at any time in the past. 

The maximum steam temperature at present in use for major 
power generation is 1050 F and the first unit at this temperature 
level went into operation late in 1948, while the first unit at the 
1000 F level went into operation at that temperature only in 
early 1946. That there will soon be a significant amount of 
capacity at the 1000 F and 1050 F levels, however, is indicated 
by the fact that of all the orders received between May 1, 1947, 
and April 30, 1950, by the authors’ company, for units of 10,000 
kw and larger, almost 50 per cent of the capacity was for either 
1000 F or 1050 F operation. 

Design, manufacture, and installation at the 1000 F and 1050 
F levels are rendered somewhat difficult, however, by the char- 
acteristics of the steels which are deemed satisfactory for such 
service. These temperatures push the more common ferritic 
steels, with their customary heat-treatments, to a point where 
heavy walls are required to maintain satisfactory margins on the 
creep and rupture strengths; in turbine shells, this may result in 
difficulty in obtaining a casting of satisfuctory soundness, while 
in piping it may require the use of forged and bored tubing. If 
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? Section Engineer, Schenectady Works Laboratory, General Elec- 
tric Company. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 26-December 1, 1950, of 
Tae American or Mecuanicat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Oct. 
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the austenitic steels are used, as has been done for the shells and 
steam leads of a number of turbines at the 1050 F level, there 
results an increase in material cost, and, in addition, fabricating 
and operating difficulties, peculiar to the metallurgy of the aus- 
tenitic steels, may arise. 

In view of these characteristics of the more common steels 
generally available for high-temperature service, and of the large 
amount of capacity now being built for 1000 F and 1050 F opera- 
tion, it is evident that there is much to be gained by the use of 
a stronger ferritic steel for turbine shells, steam leads, and station 
pxping. It is the purpose of this paper to describe a chromium- 
molybdenum-vanadium steel which the authors’ company has 
been using for turbine construction at the 1000 F and 1050 F 
levels. 


Ferritic STEEL 


The addition of vanadium to the chromium-molybdenum stee! 
to make an age-hardening alloy which is stronger at high tem- 
peratures than the vanadium-free chromium-molybdenum stec! 
is relatively well known as such steels have been used for high- 
temperature bolting for more than ten years. In 1945 the com- 
pany with which the authors are associated introduced a va- 
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nadium-containing steel for its turbine shells and valve castings 
at the 1000 F level. This was a molybdenum-vanadium steel 
with a per cent chemical composition of 0.20 C max, 1.0 Mo, 
0.20 V, and a number of units have been installed at 1000 F 
with this composition. High-temperature tests indicate that 
this alloy is superior in high-temperature properties to the more 
common ferritic steels, with their customary heat-treatments, 
particularly at the 1000 F temperature level and higher. Since 
this molybdenum-vanadium alloy had adequate high-tempera- 
ture strength and satisfactory response to heat-treatment for the 
intended service, chromium was deliberately omitted in order 
to minimize welding difficulties with these large castings. In the 
absence of chromium, graphitization resistance was obtained 
by prohibiting entirely the use of aluminum deoxidization, and 
a high-temperature normalizing treatment was used. In addi- 
tion, it was expected that the vanadium as a carbide former would 
also contribute to the graphitization resistance. There has 
been no case in which graphitization has ever occurred in this 
aluminum-free molybdenum-vanadium cast steel although 
welded specimens have been exposed in the laboratory to 1100 
F for more than 20,000 hr. 

Shortly after the introduction of the molybdenum-vanadium 
cast steel, it was pointed out that a similar alloy in piping form 
would be of benefit to the power-generation industry since the 
superior high-temperature properties would contribute to thinner 
pipe walls. The authors’ company accordingly assumed the 
obligation of developing this steel, and using it for turbine steam 
leads at 950 F and 1000 F in order to obtain field experience. 
The composition of the piping steel was similar to that of the 
cast steel. On the basis of experience with the cast steel, chro- 
mium was also omitted from the piping steel, although aluminum 
deoxidization was permitted to the extent of 0.5 lb of alumi- 
num per ton of steel. 

Late in 1948 two cases of minor graphitization, which will be dis- 
cussed in detail later, were discovered in laboratory weld speci 
mens, and early in 1949 the molybdenum-vanadium piping steel 
was modified by the addition of one per cent of chromium, and its 
per cent composition then became 0.15 C max 1.0 Cr, 1.0 Mo, 0.20 
V. In 1950 the molybdenum-vanadium casting stee! was likewise 
modified by the addition of one per cent of chromium, although no 
graphitization has ever been found in this cast steel. High- 
temperature tests of the chromium-molybdenum-vanadium 
alloy showed it to be similar to its molybdenum-vanadium prede- 
cessor in possessing excellent high-temperature strength, and, 
the authors’ company has been actively applying the cast alloy 
in turbine shells and valves, and has adopted it as its standard 
alloy for such applications at the 1000 F temperature level. 
Steam leads of the chromium-molybdenum-vanadium piping 
alloy are being installed on a number of units for 1000 F opera- 
tion in order to obtain field experience with this alloy. In addi- 
tion to the use of this chromium-molybdenum-vanadium alloy 
for castings and steam leads at the 1000 F level, the authors’ 
company is also using it for the construction of several 1050 F 
totally ferritie machines in which the design has been held to 
the stress levels commensurate with the high-temperature long- 
time strength of this material. In this respect, the chromium- 
molybdenum-vanadium alloy is displacing, for at least some 
of the 1050 F units now in design, the austenitic steels custom- 
arily used for turbine shells, valves, and steam leads at this 
temperature level. 

With some manufacturing and fabricating experience now 
available on this steel, and with high-temperature data available 
to establish its high-temperature strength, it was felt that pub- 
lication should be made at this time describing the characteristics 
of this alloy. Although the development of the cast and piping 
forms of this chromium-molybdenum-vanadium alloy are closely 
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interwoven, this paper is restricted to piping steel. In addition 
to the characteristics of the ehromium-molybden din 
steel, test data and operating experience with the chromium-free 
molybdenum-vanadium steel will also be presented. Sufficient 
high-temperature test data are available to establish the high- 
temperature properties of the chromium-containing alloy, but 
they can be reinforced considerably by a study of the corre- 
sponding data on the molybdenum-vanadium steel. In a similar 
manner, operating experience with the molybdenum-vanadium 
steel is pertinent to a discussion of the chromium-molybdenum- 
vanadium steel, and will be included. 


OperatTinc Expertence Mo_yspENUM-VANADIUM STEEL 


Molybdenum-vanadium steam leads have been in service at 
950 F and 1000 F since 1948, and, in general, have performed 
satisfactorily with respect to fabrication, welding, and service 
operation. It is relatively well known to the power industry, 
however, that two cases of minor graphitization of laboratory 
specimens have been reported with this composition, and a steam 
lead of this alloy split in June, 1949, while in service at 950 F 
in the Industrial Canal Station of the New Orleans Public Serv- 
ice, Inc. It is accordingly incumbent on the authors to review 
these difficulties before further discussing the chromium-molyb- 
denum-vanadium composition. 

With respect to the split steam lead, it has been established 
that a crack almost completely through the wall was in this lead 
prior to fabrieation, and inspection failed to detect it because of 
the relative insensitivity of the usual commercial methods of 
testing pipe. The final report on the investigation of this split 
is being submitted in a companion paper,’ and the bases upon 
which the foregoing conclusion was established are discussed in 
detail in that paper. It should be noted at this point, however, 
that similar fauhis have occurred in several other compositions, 
thereby indicating that the trouble could not be laid on the molyb- 
denum-vanadium chemistry. For example, the ultrasonic in- 
spection method developed during the investigation of the New 
Orleans split has already located more severe wall cracking in 
some Type 347 pipe which had successfuly passed the normal 
commercial inspection methods, and made possible the removal 
of this pipe from processing prior to any fabrication whatsoever. 

The two cases of graphitization of the molybdenum-vanadium 
alloy occurred in laboratory specimens of pipe welds, and neither 
of these specimens had been given the complete heat-treatment 
required by the specifications of the authors’ company for this 
steel. The degree of graphitization in these two cases is shown 
in Figs. 3a, 3b, and 4. The graphitization in Figs. (3a and b) 
occurred in a laboratory weld specimen which had received no 
high-temperature treatment and no preheat or postweld treat- 
ment, but was tested for graphitization after welding in the 
condition as received from the pipe mill; this graphitization 
occurred after 9551 hr exposure at 1100 F, and has progressed no 
further after approximately 8500 additional hours at 1100 F. 
The graphitization of Fig. 4 occurred in a laboratory weld speci- 
men which had been given the specified high-temperature treat- 
ment except that the preheat and postweld treatment were 
omitted; this graphitization occurred after 5548 hr exposure at 
1000 F and 9000 psi. Since it is generally recognized that the 
heat-treatment and postweld treatment both contribute to 
graphitization resistance, it is evident that these specimens were 
in an unusually susceptible condition. Nevertheless, with these 
two cases at hand in which the alloy had shown graphitization, 
even though these were cases in which the complete specified 
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(a, Outer edge of heat-affected area; 


circled area of Fig. 3(a) at greater magnification. 
= Two per cent nital etch.) 


to or after welding. 


Specimen received no heat-treatment prior 


ae be laid to the molybdenum-vanadium chemistry, and the addi- 


tion of the chromium should furnish adequate protection against 


graphitization. 


STRENGTH 


High-temperature test data are available from eight test 


erie through which the strength of the chromium-molybdenum- 
: vanadium alloy can be established. Three of these test series 
are on chromium-molybdenum dium, while the remaining 
3 = are on the chromium-free molybdenum-vanadium steel. 
_ These tests include rupture tests, flow-rate creep tests, and con- 


Fic. 4 Grapuirization 1x a Wetpep Lasporatory Specimen or 
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(Specimen received no postweld heat-treatment. Two per cent nital etch.) 


heat-treatnient had not been followed, it was decided that chro- 
mium would be added to the molybdenum-vanadi composi 
tion in order to obtain adequate protection against any inadver- 
tent mishandling in manufacture, fabrication, or assembly. 
One per cent of chromium was added and, with this addition, the 
one per cent chromium, one per cent molybdenum, and one- 
quarter per cent vanadium composition was obtained. 

The foregoing review of all the operating vicissitudes which 
have arisen with the molybdenum-vanadium steel indicates that 
the general foundation of the chromium-molybdenum-vanadium 
alloy is sound. The split in the New Orleans steam lead cannot 


for almost 16,000 hr (approximately two years), and are still 
running. 


These eight test series are ic antified by “item” numbers (the 


A symbol “CR” after the item number distinguishes the chromium- 


containing alloys). A general description of these items is given 
in Table 1; the chemical composition, heat-treatment, and room- 
temperature physical properties are given in Tables 2, 3, and 4, 
respectively; the rupture and flow-rate creep strength are given 
in Tables 5, 6, and 7. 

In Fig. 5 are plotted the rupture-test results itemized in Table 


5. The full line drawn on this figure is an approximate average 
of all the data on the chromium-molybdenum-vanadium steel. 
As an estimate of the strength of this alloy relative to other high- 
temperature piping steels, the 100,000-hr rupture strength of 
Type 347 austenitic steel (18 per cent chromium, 11 per cent 
nickel, columbium-stabilized) has been plotted at the 1100 F 
temperature. 

The chromium-molybdenum-vanadium steel] appears from 
these data to be somewhat stronger than the chromium-free 
molybdenum-vanadium steel, particularly at the higher tempera- 
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TABLE 1 GENERAL IDENTIFICATION 
tem 


2370 ; loccimen from a commercial beat of 
piping. killed: Nati hing Company, heat x 22208. 
2375 mn from a commercial 
piping. silicon- killed; National, Tube Company, heat X 22208. 
2394 CR Chr lyb from an induction 
heat, aluminum-killed with one pound per ton; General Electric 
Company, heat 2009. 
2395CR Chr lybdenum from an induction 
heat, aluminum- killed with one ~y- =. per ton; General Electric 
Company, heat 2 
2398 Molybdenum- vanadium; specimen from an induction heat, 
aluminum-killed with one pound per ton; General Electric Com- 
ny, heat 2013. 
2399 Molybdenum-vanadium; specimen from an induction heat, 
aluminum-killed with one pound per ton; General Electric Com- 
ny, heat 2014. 
2491 Molybdenur di from a commercial heat of 
piping. silicon- killed: g am & Wilcox Tube Company, heat 


2645 CR Che ni di from a commercial 


TABLE 2 PERCENTAGE CHEMICAL COMPOSITION 
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TABLE 3 HEAT-TREATMENT 


Heat-treatment 
* (1050 C), 4 hr, air cool; 1202 F (650 C), 4 hr, furnace cool 
1050 C), 4 hr, furnace cool to 1742;F (950 C), air cool 
650 C), : hr, furnace cool 
4 br, air cool; , furnace cool 
air cool; 50 C), furnace cool 
air cool; 1202 F (650 C), furnace cool 
. air cool; 1202 F (650 C), . furnace cool 
922 F (1050 , air cool; 120: 550 C), . furnace cool 
1922 F (1050 2 hr, air cool; ar, furnace 
cool 


TABLE 4 ROOM-TEMPERATURE PHYSICAL PROPERTIES 


Ultimate Propor- Elongation Reduction 

strength, tional limit, 
Item 1 i 
2370 
2375 
2394 CR 
2395 CR 
2398 


2399 
2491 
2645 CR 83,900 


~ 


tures, and this is a result which had not been counted on origi- 
nally as it is believed in many quarters that chromium does not 
add appreciably to high-temperature strength. In the present 
case, however, it is believed that the chromium has combined 
with the molybdenum and vanadium to form a complex carbide 
which maintains its strength at higher temperatures than its 
chromium-free counterpart. In particular, the 1100 F rupture 
strength of the chromium-containing material is unusually high 
and even compares favorably with the austenitic steel at this 
temperature. In view of the fact that only one test point is 
available at this temperature, however, it does not appear justi- 
fiable to take full advantage of the strength shown at this tempera- 
ture by the chromium-molybdenum-vanadium alloy. For this 
reason, the suggested average curve is drawn considerably below 
the 1100 F strength shown at this temperature by the 2645 CR 
test. 

In Fig. 6 are plotted the flow-rate creep-test results itemized 
in Table 6 for a creep rate of 10~7 per hr (one per cent per 100,000 
hr). Again, an approximate average curve is drawn for the test 
data of the chromium-molybdenum-vanadium steel. 

Fig. 7 is similar to Fig. 6, but with the flow rate creep strength 
evaluated for 10~8 per hr (0.1 per cent per 100,000 hr) rather than 
the 10~7 per hr as in Fig. 6. 

Figs. 8 and 9 show the results of constant-load creep tests 
conducted at 1000 F and 1100 F, respectively. Plotted on these 


TABLE 5 -100,000-HR RUPTURE STRENGTH 
(Figures in parenth give duration of test) - 
900 F 000 J 


1100 F 


11,500 psi (5963 hr) 
21,200 psi (2242 hr) 


The stresses table orn tho, of the 
rupture strength as extrapola’ rom tests w ti b 
the figures in parentheses. ose duration was as shown by 


TABLE 6 FLOW-RATE CREEP STRENGTH 
10 “*/hr a. 0% per 100,000 hr) 
tely tant patel strain of 0. 3%) 
000 F 1100 F 


900 F 


34,800 psi 


TABLE 7 FLOW-RATE CREEP STRENGTH 


10-*/hr (0.1% per 100,000 hr) 
(Tests at approximately constant total strain of 0.2%) 
900 F 000 F 1100 


24,500 psi 


>2399 
98 

4CR 


STRESS PSI 


1000 
Fic. 5 100,000-Hr Ruprure Srrencta or Motyspenum-VaNa- 
piumM Street (Crrcies), STEEL 
(Crosses), anp Type 347 Austenitic Steet (Squares, 1100 F 
On ty) 
Data on Type 347 steel taken from Timken ‘Digest of Steels,” 1946.) 


figures are per cent plastic strain versus time in hours. As can 
be seen, the tests on the molybdenum-vanadium steel have been 
running for approximately 16,000 hr (2 years); it is planned to 
continue these tests to about 25,000 hr (3 years). The tests 
on the chromium-molybdenum-vanadium steel have been in 
progress, as of October 2, 1950, for only about 3500 hr, but it is 
planned to continue these tests also to approximately 25,000 
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2375 000 psi (13,737 hr) 
394CR 52,500 psi (7728 hr ,000 psi (9456 hr) 
2395CR 86,000 psi (11,013 br ,000 psi (4756 hr) 
18 54,000 psi (10,238 hr) ,500 psi (7315 hr) 
Item 
2375 ,800 psi 
2394 CR psi 
2395 CR 25,800 psi 
2398 17,200 psi | 
21 2399 18,300 psi 
3394 cR 2645 C ,000 psi 10,500 psi 
395 C 4 
2399 
2491 
2375 12,000 psi 
Item 2394 CR 14,400 
2370 2395 CR 18,800 psi 
2398 
2375 i 
2399 12'800 psi 
2304 CR 2491 12,400 psi 5,300 psi 
2395 CR 2645 CR 31,500 psi 18,000 psi 5,900 psi 
2399 
100000, 
2491 
30000 OGRAIN SIZE 4-6 
20000 b2375 
10000 
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900 1000 
TEMPERATURE DEGREES F 


Fie. 6 Frow-Rate Creep Srrenctsa ror Rate or 10~? Per Hr 
(One Per Cent Per 100,000 Hr) ron Motyspenum-VANApIUM 
Sree. (Crrctes) anp 
(Crosses) 
(Tests made at an approximately constant total strain of 0.2 per cent.) 


300 1x 
TEMPE RATURE- DEGREES F 


Fic. 7 Firow-Rate Creer Strencru ror Rate or 10-* Per Hr 
(0.1 Per Cent Per 100,000 Hr) ron Motyspenum-VaNnapium 
Steet (Circies) anp STEEL 

(Crosses) 
(Tests made at an approximately constant total strain of 0.2 per cent.) 


SPECIFICATION PROPERTIES 


The chromium-molybdenum-vanadium pipe specification in 
current use by the authors’ company requires the following per- 
centage chemical composition: carbon, 0.15 max; manganese, 
0.30-0.60; phosphorus, 0.035 max; sulphur, 0.035 max; silicon, 
0.10-0.35; chromium, 0.80-1.20; molybdenum, 0.80-1.10; 
vang adium, 0.15-0.25. 


PLASTIC STRAIN 


PERCENT PLASTIC STRAIN 
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Fic. 8 1000 F Constant-Loap Creer Tests, ron Mo.yspenum- 
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Fic. 9 1100 F Constrant-Loap Creep Tests ror Motyspenum- 
Vanapium Street (Dots), anp 
Sree (Crosses) 


Aluminum deoxidization is restricted to one-half pound of 
aluminum per ton of steel. 

The basic electric process of melting which was used for the 
production of the original molybdenum-vanadium piping has 
also proved satisfactory for the chromium-molybdenum-vana- 
dium alloy. Silicon was used for deoxidization because of the 
aluminum restriction. 

The normal manufacturing process used for medium alloys is 
satisfactory for billet manufacture, hot piercing and rolling. 
Like the molybdenum-vanadium alloys, the chromium-molyb- 


_denum-vanadium exhibits pronounced age-hardening during 


tempering. Accordingly, after hot-rolling and before cold- 


_ straightening, the pipe is held at 1650 F (899 C) for one hour, and 
- furnace-cooled or cooled in still air. 
_ sults in a hardness in the neighborhood of 150 Brinell, produces 


This treatment, which re- 


- sufficient notch toughness to minimize the possibility of cracking 


_ during the cold-straightening operation. 
(899 C) treatment, the minimum physical properties are specified 
as follows: 


After this 1650 F 


tensile strength, 60,000 psi; yield strength (0.02 per 
cent offset), 25,000 psi; elongation (0.5-in-diam test speci- 
men), 15 per cent (long) 10 per cent (trans.). 

A flattening test is required by this specification in which the 
constant ¢ (deformation per unit length) is maintained at 0.08 
which corresponds to the value used for piping steels listed in the 
ASTM specifications A106, A158, A280. 


FABRICATION AND Heat-TREATMENT 


For fabrication operations such as hot-bending, only the nor- 
mal practice for medium-alloy steels is required. After the hot- 
bending operation, the pipe is held for two hours minimum in the 
range 1877-1967 F (1025-1075 C), and air-cooled. When de- 
sired, this treatment may be modified to permit furnace-cooling 
to 1742 F (950 C), followed by air-cooling. After the normalizing 
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treatment, the pipe is subjected to a tempering treatment which 
consists of a 12-hr (min) hold within the range 1275-1325 F 
(690-719 C), followed by furnace or air-cooling. 

The purpose of the foregoing normalizing and tempering treat- 
ment is to obtain the desired high-temperature properties. 
The object of the high-temperature portion of this treatment is to 
produce a substantially complete solution of the alloy carbides 
in the austenite. This solution treatment, followed by cooling in 
air, enables subsequent tempering treatments to produce a 
pronounced age-hardening characteristic which is believed to be 
of fundamental importance in obtaining good high-temperature 
strength in a vanadium-containing steel. 

The tempering part of the high-temperature treatment is de- 
signed to produce overaging to well below the peak hardness in 
order to obtain the best compromise between notch toughness at 
low temperature and good creep and rupture strength at high 
temperature. Further details regarding the study of the heat- 
treating characteristics of this chromium-molybdenum-vana- 
dium alloy are given later in this paper. 


WELDING 


No unusual difficulties are encountered in welding provided 
that the electrode, preheat, and postweld treatments are selected 
with due regard for the metallurgical characteristics of this 
chromium-molybdenum-vanadium alloy. Because of the con- 
siderable hardenability exhibited by this steel, proper precautions 
must be taken to prevent underbead cracking. An electrode 
with a low-hydrogen coating and a minimum preheat of 482 F 
(250 C) are specified in the fabrication instructions for this steel, 
and sound welds have been obtained consistently with these pre- 
cautions. In order to obtain as uniform a structure and compo- 
sition in the welded joint as is practicable, the per cent com- 
position of the deposited weld metal is specified as 0.5 chromium, 
1.0 molybdenum, 0.25 vanadium. The lower chromium content 
of the weld deposit results in somewhat easier welding, and is 
justified by the findings of many investigators that welds in 


Fie. 10 Quauirication Tests on 


VANADIUM STEEL 


(Metal-arc-welded in fixed horizontal position using electrode of '/: per cent 


1/4 per cent vanadium. Upper left: 
‘ower: transverse tensile tests.) 
27.3% and 32.0% 


Results of Transverse Tensile Tests 


chromium, 1 per cent molybdenum, 
free bends; wd right: side bends; 
ree-bend elongation: 


Ultimate Yield Elongation Reduction 
strength in 2 in. of area 
psi 43,900 psi 21.5% 78.0% 
42,400 psi 20.0% 78.3% 
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piping are more resistant to graphitization than base metal of the 
same composition. 

The postweld treatment must take cognizance of the secondary 
hardening characteristics which a vanadium-containing alloy ex- 
hibits during tempering, and a relatively high postweld treat- 
ment is required in order to reduce the hardness of the weld de- 
posit and heat-affected zone. Since the piping is welded in the 
normalized and tempered condition, only a subcritical postweld 
treatment can be used, and the welding instructions for this steel! 
specify a postweld treatment of four hours minimum in the range 
1275-1325 F (690-719 C) followed by slow cooling. 

Photographs of the procedure qualification test specimens are 
shown in Figs. 10 and 11. Ductility values are obtained which 
are comparable to those obtained in the less-strong alloy steels in 
all tests except the free bend. In the latter test, although the 
specimen withstood successfully a 180-deg bend without cracking, 
the elongation of the weld deposit is somewhat less than the 30 
per cent required by various codes. This is not indicative of a 
deficiency in ductility of the weld metal, but is simply a result of 
the age-hardening characteristic of this alloy during tempering. 
During the welding process, the weld deposit experiences a high- 
temperature normalizing treatment, while the base metal, which 
is already normalized and tempered, experiences further temper- 
ing during the postweld treatment. Accordingly, the base metal 


is not as hard as the weld deposit, and during the free-bend test 
the major portion of the deformation will occur in the base metal. 
The welding instructions of the authors’ company recognize this 
and require an elongation of only 20 per cent in the 


characteristic, 


Fra. 11 
VANADIUM STEEL 
Metal-arc-welded in fixed vertical position using electrode of '/2 per cent 
chromium, | per cent raolybdenum, '/s per cent vanadium. Upper left: 
free bends; upper right: side bends; nsile oe. ) 
ree-bend elongation: 


lower: transverse te 
21.5% and 23.0% 


Results of Transverse Tensile Tests 


Ultimate Yield Red 

strength strength in 2 of area 
73,900 psi 45,900 psi 16.0% 78.2% 
72/900 psi 42/900 psi 20.5% 78.3% 


free-bend test. 


without cracking. 


Quatirication Test on 


That the weld is sound and satisfactory for the is 
intended service is shown by its ability to take a 180-deg bend 
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‘Fig. 13 


Heat-TREATING CHARACTERISTICS 


Studies of the heat-treating characteristics of this alloy were 
_ obtained on specimens taken from the production heat of piping 
of item 2645 CR, Table 2. 
__ In Fig. 12 Brinell hardness curves are plotted for this alloy as 
functions of time at a tempering temperature of 1300 F (704 C) 
when air-cooled from normalizing temperatures of 1742 F 
(950 C), 1832 F (1000 C), 1922 F (1050 C), and 2012 F (1100 C). 
These curves illustrate the increased hardening which occurs with 
2 increasing normalizing temperatures. In addition, a hardness 
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Harpness Versus Tempertnc at Various Temper- 
ING TEMPERATURES FOR CHROMIUM-MOLYBDENUM-VANADIUM STEEL 
Norma.izep From 1922 F (1050 C) 


 eurve is shown for the condition of furnace-cooling from 1922 F 


(1050 C) to 1742 F (950 C) followed by air-cooling. This latter 


curve justifies the permissible production practice of heat-treat- 
: ing in this manner to minimize deterioration cf the furnaces. 
i In Fig. 13 Brinell hardness curves are plotted for specimens 
tempered for various lengths of time at 1200 F (649 C), 1300 F 
(704 C), and 1350 F (732 C) after air-cooling from a normalizing 


The Charpy impact test, performed in a 220 ft-lb pendulum- 
type testing machine using the standard keyhole specimen, was 
used as a qualitative measure of notch ductility. Table 8 lists 
impact energy, temperature of test, Brinell hardness, and heat- 
treatment for several longitudinal specimens taken from the afore- 


TABLE 8 AVERAGE KEYHOLE CHARPY IMPACT ENERGY 
(FT LB) 


1652 F (900 C), annealed; 125 Brinell 

1922 F (1050 C), air cool; 1300 F (704 C), 20 hr; 180 Brinell 
1832 F (1000 C), air cool; 1300 F (704 C), 12 hr; 175 Brinell 
1922 F (1050 C), air cool; 1300 F (704C), 4hr; 220 Bri 


inell 

1652F (900C), ANNEALED, 125 BRINELL 

1922F (1050C} TEMPERED TO RBOBRINELL 
- 1832F (10000), TEMPERED TO 
1922F (1050C), TEMPERED TO 220BRINELL. 


CHARPY VALUE, FT-LBS. 
sees 8 


“300 
TEMPERATURE DEGREES F 


Fie. 14 Impact Eneroy Versus TemPerature 
ror Heat-Treatep 


mentioned production heat. Fig. 14 is a plot of the impact 
energy versus temperature for various conditions of heat-treat- 
ment. Investigators have described this characteristic of metals 
by the term “transition temperature.” In the plot of impact 
energy versus temperature, the transition temperature has been 
variously described as the temperature at which the impact 
energy begins to decrease, decreases to a minimum or to half the 
maximum value, or when the fracture changes from the ductile 
type to a brittle cleavage, etc. In the opinion of the authors and 
their associates, a rough correlation can be established between 
the transition temperature of a material and the tendency for 
cracks to propagate through it during welding and forming opera- 
tions. In general, the lower the transition temperature, the less 
is the crack propagating tendency. Materials with high transi- 
tion temperatures require more careful handling and higher pre- 
heats in welding. The welding preheat temperature is placed 
well above the transition temperature as determined in the 
Charpy-impact test. This is necessary, in the authors’ opinion, 
because forming and welding operations often impose more 
severe multiaxial stress conditions than does the Charpy-impact 
test, and it is well known that the transition temperature is 
markedly affected by acuity of notch as well as by speed of ap- 
plication of the stress system. It should be emphasized that the 
keyhole charpy test is used by the authors im « qualitative man- 
ner to describe and compare notch toughness because of the rela- 
tive ease of making the test specimens and performing the test, 
It is not felt that this or any of the many other tests of this sort in 
current use is capable of more than a qualitative measure of the 
ability of a material to withstand all of the complex conditions 
imposed during pipe manufacture and assembly. 

Again referring to Fig. 14, the annealing treatment is shown to 
be effective in giving good notch ductility to the material to en- 
able it to withstand the operations of cold-straightening, shipping, 
and handling. When the 1922 F (1050 C) treatment is used to 
produce the high-temperature strength, notch toughness can be 
obtained by tempering to 175-200 Brinell. The regular temper- 
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Fig. 15 Microstructures or CoromiuM-MOLYBDENUM-VANADIUM Steet Arrer Various Heat-TREATMENTS 


(a, Furnace-cooled from 1652 F (900 C), x00; b, air-cooled from 1832 F (1000 C), K 100; ¢, air-cooled from 1922 F (1050 C), « 100; 
_ 4, air-cooled from 2012 F (1 100 Cc), 100.) 


ing treatment of 12 hr minimum at 1300 F (704 C) serves to 
bring the hardness into this range for service conditions. 

The microstructures obtained after various heat-treatments are 
shown in Fig. 15. 
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Discussion 


_H.8. Biumpera.‘ The authors of this paper and the General 
Electric Company are to be complimented for their progressive 
approach in the development of a new piping material for the 
 ingreasingly high temperatures at which steam power is being 
more efficiently generated. 
This paper gives a logical presentation of the background for 
the selection of this Cr-Mo-V steel, the outstanding characteristic 
of which is its superior high-temperature strength at tempera- 
_ tures at which units are being currently constructed and oper- 
ated. The authors have described in some detail the specifica- 
limits for fabrication operations, and there is no need there- 


‘ Head, Materials and Engineering Division M. W. 
Kellogg — Jersey City, 


fore to repeat these here. The writer’s company has been fabri- 
eating Mo-V and Cr-Mo-V compositions in production for the 
past four years, during which time steel has been furnished by 
two large steel producers. Several thousand feet of pipes from 
over a dozen heats have been processed by hot-bending, welding, 
heat-treating, and machining. Bent sections are ultrasonically 
tested; in addition, test rings are heat-treated with each furnace 
load and photomicrographs are submitted for approval by the 
customer as a check on the response of the material to heat- 
treatment. No difficulty has been experienced in handling this 
material. 

An evaluation of the potentialities of any piping material 
takes into account the following phases: 


1 Mill behavior and characteristics: (a) in melting and cast- 
ing, (b) in hot-working to pipe, (c) heat-treatment, and (d) 
room-temperature properties as an index of quality. 

‘2 Fabrication behavior and characteristics: (a) in hot-bend- 
ing, (b) in cold-bending, (c) in forging, (d) in welding, (e) in heat- 
treatment, and (f) in machining. 

3 Service behavior and characteristics: (a) load-carrying 
ability, (6) surface stability, and (c) structural stability. 


A review of our observations of these two compositions in the 
light of the foregoing is here briefly given. A sufficient number 
of melts and pipes have now been processed by the steel mills to 
indicate that the mill behavior of the Cr-Mo-V steel is controlla- 
ble to give piping of desirable characteristics. By application of 
a normalizing or annealing heat-treatment, the steel reaches the 
fabricator in a ductile condition with desirable impact values 
at ordinary temperatures. The inclusion of ultrasonic testing 
at the mill insures a more deine inspection than has been 
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abrication behavior and resulting 
_ characteristics of the steel are understood; current inspection 
methods, with the addition of ultrasonic testing, appear to be 
adequate. Knowledge regarding characteristics for service 
is available from the results of laboratory high-temperature 
test data reported by the authors and others in the U. 8. A. and 
abroad. In addition, this steel has service background already 
mentioned. There is agreement regarding the high load-carry- 
ing ability of the steel at current steam-generating temperatures, 
and there appears to be no unusual behavior of the material in re- 
lation to surface and structural stability at operating tempera- 
tures. 

The behavior of this steel which requires the most careful 
consideration is one which has been dealt with in detail by 
the authors in their paper. It has been shown that a close re- 
lationship exists between time and temperature in the tempering 
operation and (a) high-temperature strength, (b) notch sensitivity 
at ordinary temperatures, and (c) ability to satisfactorily pass 
weld bend tests required by conventional specifications. 

Paradoxically, these relations act in opposite directions, in 
that the treatment which gives the best high-temperature proper- 
ties acts to yield the poorest notch sensitivity and weld ductility. 
The authors have logically chosen a compromise heat-treat- 
ment which sacrifices some high-temperature strength in favor of 
improved notched-bar impact properties. Careful control of this 
phase of heat-treatment is necessary, but this is not an unusual 
requirement. Shops which are equipped properly are able to 
control their procedures to insure that specified heat-treatments 
are carried out, with records thereof. In conclusion, one may 
say that the outstanding high-temperature strength of the ferritie 
steel fostered by the General Electric Company is extremely at- 
tractive. 


Ernest L. Rorevson.’ The writer desires to point out the 
continuity between this paper and one prepared by himself 
three years earlier.6 This earlier paper gave the preliminary re- 
sults of certain long-time rupture tests on plain moly-vanadium 
material which have since been completed so that they are now 
reported in final form by Rankin and Reich. 

The sequence of estimated long-time strengths as the tests 
progressed and successively attained greater validity is of in- 
terest. 


PREDICTED 100,000-HR RUPTURE STRENGTH 
1% Mo, 0.2% V) 
Date of prediction 
Sept., 1948 


PSI, AT 1000 F 
Item 

no July, 1947 
2370 18,500 
2375 23,000 


13,000 
15,000 


In recording the low values in September, 1948, the writer, in 
his closure at that time, noted that “any further breaks in the 
still unbroken bars can only improve these results which still 
show a marked superiority of moly-vanadium over the low- 
chromium-molybdenum compositions.” When the final breaks 
came, they showed the writer had been unduly conservative in 
his estimate based on unbroken bars. 

Now, with the addition of 1 per cent of chromium, the results 
are even better. 

E. H. Krieg’ anv F. F. Messrs. Rankin 
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Reich are to be congratulated on the fine paper they have pre- 
sented. 

It is to be hoped that the chrome-molybdenum-vanadium steel 
soon will be listed in the various allowable stress tables of the 
ASME Boiler Code and the Code for Pressure Piping. Such 
listings give a widespread use of the material and make it possible 
for the designer to use it readily without requiring a great deal of 
effort to obtain the necessary basic data. 

With two cases of graphitization of molybdenum-vanadium 
weld specimens in mind and recognizing that these specimens 
were in a susceptible condition because of lack of heat-treatment 
or postweld treatment, the authors state it has been decided to 
add chromium to the molybdenum-vanadium composition to 
obtain adequate protection against any inadvertent mishandling 
in manufacture, fabrication, or assembly. It would be of in- 
terest to know what mishandling the authors contemplate would 
be corrected by adding chromium. 


Hi. D. Newer... The writer has read with interest the de- 
scription of the high-temperature properties and characteristics 
of a ferritic steam-piping steel which is a chromium-containing 
modification of the earlier molybdenum-vanadium alloy steel 
which had been used by General Electric Company for that pur- 
pose. One would agree that the more common ferritic steels 
such as the 1'/, per cent chromium, 2 per cent chromium, and 
'2'/, per cent chromium steels with molybdenum, with their 
customary heat-treatments, require heavy walls for 1000 and 1050 
F steam service to maintain'the required margins on creep and 
rupture strength to the extent that a new stronger steel of ferritic 
type would be welcomed by industry. The chromium addition 
should provide insurance against the possibility of graphitization 
which appears to be a possibility in the straight molybdenum- 
vanadium composition. Perhaps more will be known on this 
when the present molybdenum-vanadium piping installations 
have had a more extended sojourn at service temperature. 

The split steam lead at New Orleans of molybdenum-vanadium 
steel, mentioned in this paper, was due to a brittle crack partly 
through the pipe wall which was formed prior to installation. 
The susceptibility to such brittle cleavage fracture is undoubtedly 
related to the chemical composition of the molybdenum-vana- 
dium steel and was influenced to a considerable extent by the 
heat-treatment given which resulted in a high transition tempera- 
ture and low notch strength at ordinary temperature. An- 
nealed steel of the same composition has adequate impact strength 
at or about room temperature. That this characteristic is also 
present in the chromium modification appears evident from the 
data given in the paper (see Table 8) but can be improved by 
modification of heat-treatment to either annealing or to a more 
extended tempering time following the air cool from high tem- 
perature. As pointed out by the authors, greater care in handling 
and higher preheats in welding would be required and such prac- 
tices would be warranted in order to gain the advantages of high 
creep and rupture strength in this steel. 

In considering the possible use of the chromium-molybdenum- 
vanadium steel for superheater application, one is led to ask what 
the properties of this new steel would be in‘the fully annealed 
conlition at temperatures of 1000 F and 1100 F. Manufacture 
of superheater sections involves considerable welding, forming, 
hot-bending, and it would be necessary thereafter to submit the 
completed section to the high-temperature treatment followed by 
tempering at 1300 F. Such a heat-treatment would likely result 
in considerable scaling and distortion where built-up sections 
comprising several loops would be involved. Since we are pres- 
ently using ferritic superheater materials to 1100 F, one is led 
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also to wil 1OW permanent the high-strength properties might be 
at that temperature level when tests have been extended through 
10,000 hr or more. Results of longer-time tests will be awaited 
with interest as well as comment by the authors as to whether 
the high-strength characteristics of this steel are principally due 
to composition or are in large measure due to the special heat- 
treating practices employed for their particular applications. 
The elongation values obtained in rupture testing on the heat- 
treated steel and the annealed steel would be of considerable in- 
terest to those contemplating the use of this new composition. 


C. L. Crark."© As the authors have indicated chrome- 
molybdenum-vanadium steels are not new in so far as high- 
temperature service applications are concerned. The writer's 
company has produced a steel of this type for many years, desig- 
nated as 17-22A, for bolting and similar applications and, during 
the past few years, the lower-carbon variety of this steel (0.28/0.33 
C) has been widely used for the braking disk in heavy bombers 
and high-speed planes. This steel differs from the authors’ in that 
it contains 0.50, rather than 1.0 molybdenum, and has a silicon 
content of 0.55/0.75 per cent. 

In all of the work that we bave done, including that on Mo-V 
and Cr-Mo-V type steels it has been found that for a given type of 
heat-treatment and a given type of analysis both the creep and 
rupture strength at 900 and 1000 F are directly proportional to the 
room-temperature hardness. This does not appear to be true 
with the authors’ results. For example, Heats 2370 and 2399 
having respective hardness values of about 280 and 230 Brinell, 
as indicated by their room-temperature strength values, Table 4, 
have respective rupture-strength values at 1000 F of 18,300 and 
28,000 psi. Since those two heats were given the same heat- 
treatment, Table 3, and possessed essentially the same com- 
position, Table 2, it would be interesting to know the authors’ 
explanation for their differences in hardness. 

With the Cr-Mo-V steels the rupture strengths at both 900 
and 1000 F do appear to be proportional to the hardness so the 
question again arises as to what hardness level can be permitted 
in piping systems. In so far as pipe is concerned, most ASTM 
specifications limit the hardness, by specifying tensile and duc- 
tility values, to 179 Brinell max even in the more highly alloyed 
steels of the 7.0 and 9 Cr grades. In the authors’ work the maxi- 
mum rupture strength was obtained with 270 Brinell although the 
values at a Brinell level of 170 (Heat 2394 Cr) were also very 
acceptable. 


J.J. Heuier.’! The Cr-Mo-Va steels, such as those described 
by the authors, hold forth promise for high-temperature service 
in the steam-power industry. 

The writer would like to comment on the rupture strengths ob- 
served for the Cr-free Mo-Va steels. The scattering of data in 
the authors’ results, the difference in rupture strength when com- 
pared to other work on Mo-Va stecls, and work at the University 
of Michigan all tend to indicate that the test results on these 
steels are rather sensitive to the heat-treated condition in which 
they are tested. The authors’ results appear to indicate, in 


general, higher strengths than were observed for comparable 


steels both at the University of Michigan and also in England, 
However, the results of these various investigations 
The heat-treating temperature, 
both for normalizing and tempering, differed, and Glen’s work 
was carried out on '/;Mo-'/,Va steel rather than 1Mo-'/,Va. 
Comparison is also difficult as the majority of the authors’ 
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data are at 1000 F and below, with only one Mo-Va steel, No. 
2491, being at 1100 F, while the work at the University of Michi- 
gan was at 1050 F, and Glen’s work was at 1022 F and 1112 F. 
However, if steel] No. 2491 may be taken ds an indication of the 
results to be expected, the strengths observed are somewhat 
higher than observed in the work at Michigan and also by Glen. 

It is reasonably apparent that the high-temperature strength 
of the Mo-Va steels is dependent upon the heat-treated condition 
prior to testing. Work at Michigan indicates comparable 
strengths between the “as-rolled and tempered” condition and 
the “normalized and tempered condition”; , however, the higher 
elongation observed in the normalized condition is believed to 
be desirable. The annealed condition shows markedly lower 
strengths, especially for short-time period tests, than the normal- 
ized condition. It is interesting to note also that the hardness 
values of the as-rolled and the normalized conditions are com- 
parable, while the hardness of the annealed material is substan- 
tially lower. Comparison of the test results and the heat-treating 
temperatures employed tend to indicate that a more severe 
tempering produces somewhat lower rupture strengths for short- 
time periods, but equal or slightly higher strengths for long-time 
periods; perhaps indicating a more stable structure is developed 
by more severe tempering. 

It is somewhat surprising to note that the authors make no 
mention of the ductility of either the Mo-Va or the Cr-Mo-Va 
steels, except as in room-temperature physical tests. The work 
at Michigan showed very low elongation values in the as-rolled 
and tempered condition as observed from rupture tests at 1050 F. 
Elongation values were in the range of 1.5 to 2.0 per cent in 2 in. 
even for short-time test periods. Normalizing at 1750 F and tem- 
pering at 1200 F raised the elongation values to 10 to 15 per cent 
for test periods less than 1000 hr and 7.5 to 8.0 per cent for test 
periods beyond 1000 hr. These values are in the range of those 
observed by Glen at 1022 F. It would be interesting to note if 
the authors observed elongation values in the ranges just indi- 
cated. 


A. B. Wiipver."* The development of chromium-molyb- 
denum-vanadium (Cr-Mo-V) steel for piping by the General 
Electric Company is an important contribution to our knowledge 
of steels for power-plant service. Utilization of the principle of 
“age-hardening” in an effort to improve the creep properties of 
ferritic steels is a logical approach to the problem. Other 
methods, such as the addition of molybdenum, have been ex- 
ploited| The useful purpose of chromium additions in controlling 
oxidation and graphitization of high-temperature alloys is well 
established. With higher steam-operating temperatures the 
basic problem is to improve the creep strength of ferritic steel 
and eliminate the necessity of employing extremely heavy-wall 
pipe or austenitic alloys. 

The stability of age-hardening alloys at high temperatures is a 
fundamental consideration which requires thorough evaluation. 
Although the autbors have exposed creep specimens for periods 
exceeding 16,000 hr, additional information of this type is de- 
sirable. The writer's company is cor.ducting long-time exposure 
tests of Cr-Mo-V steel in an effort to further evaluate the stability of 
this type of material. The importance of evaluating stability 
with respect to creep is illustrated in Table 9.% The creep- 
rupture strength of coarse-grained '/, Cr - '/, Mo steel was re- 
duced about 50 per cent after 10,000 hr exposure at 1050 F 


1% Chief Metallurgist, National Tube Company, U. 8. Steel Cor- 
poration Subsidiary, Pittsburgh, Pa. 

3 “Long-Time Elevated Temperature Test of Chromium Molyb- 
denum Steel,"’ by A. B. Wilder and J. O. Light, a paper presented at 
the Annual Meeting of American Society for Metals, Chicago, IIl., 
October 24, 1950. (See authors’ closure of discussion for creep data.) 
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hy TABLE 9 CREEP RUPTURE PROPERTIES OF CR-MO STEELS 


-— Stress (1000 psi) for rupture in 10,000 hr—— 
900 F 1050 F 1200 F 
Steel¢ A 
59. 11.2 20.0 
3 Cr-l Mo (52D) 27 29.0 10.5 11.3 
a Steel 12B melted to ar -grained deoxidation practice. Steels 12D 


and 52D fine-grained practi A, ex 10,000 hr at temperature before 
creep testing; B, aaunpened before creep testing. 


TABLE 10 CHARAC OF MO-V 
» CR-MO-V STEEL WELD! 

Hr 
F 
0.0 


0.4 


Steel 
V (55) 
Mo-1/4 V (56) 


Slight 
Slight 
None 


Mo-!/¢ V (57) 1.3 


1 Mo-*/s V (70) 
Cr-l V 
(81) 


0.5 
0.0 
~@ Lb/N.T. aluminum used for deoxidation. 


However, the creep-rupture properties of the !/, Cr -1/; Mo steel, 
made to a fine-grained deoxidation practice, was less affected 
and the 3 Cr-1 Mo steel was not much changed by the 10,000-hr 
exposure treatment. 

In the development of a new type of steel for high-temperature 
service the prevention of graphitization must be considered. 
In Table 10" are shown results obtained in the heat-affected 
zone of weld bead tests after long periods of exposure at elevated 
temperatures. The molybdenum-vanadium (Mo-V) steels 
showed evidence of graphitization after exposure at 900 F and 
1050 F, although in two of the steels very little aluminum was 
used for deoxidation and in one of the steels no aluminum was 
used. In the Mo-V steel (70) furnace-cooled from 1925 F to 
1750 F and air-cooled to ambient temperature followed by a 1300 
F draw, no graphitization was observed. The '/, Cr-1 Mo -'/, V 
steel did not graphitize after 10,000 hr of exposure at 900 F and 
1050 F. Additional exposure tests including 1 Cr-1 Mo-'/, V 
steels are in progress. The possibilities of graphitization oc- 
curring in the Cr-Mo-V steel described by the authors is remote, 
as sufficient chromium has been added and very little aluminum 
used in the deoxidation practice. 

With reference to the Charpy impact data shown in Fig. 14 
and Table 8 of the paper, it would be desirable, after hot-rolling, 
to have a minimum Charpy impact value of about 15 ft-lb at 
ambient temperature. This would reduce the possibilities of 
cracking the material during processing. After fabrication, the 
material would be given final heat-treatment and then placed in 
service. 


R. W. Emerson.'* This paper should be considered as the 
first milestone along the path toward the achievement of one or 
more vanadium-bearing material specifications for high-tem- 
perature central-station piping. The General Electric Company, 
who have pioneered in the use of this material for high-tempera- 
ture steam-turbine-inlet piping, have recognized that precipita- 
tion hardening (curs upon tempering of the vanadium-bearing 
material, and due to this inherent advantage, such materials 
should receive greater general recognition. In this respect, it is 
hoped that this paper will stimulate further publications on the 
metallurgical and physical characteristics of low-carbon va- 
nadium-bearing steels for use in high-temperature service. 

This discussion is presented to supplement and confirm the 
authors’ data. The authors, in discussing the welding of the 


1* “Stability of Steel at Elevated Temperatures,” by A. B. Wilder 
and J. D. Tyson, Transactions American Society for Metals, vol. 40, 
1948, p. 233. 

Metallurgist, Piping & Equipment Company, 
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Cr-Mo-V material made y. The 
Jominy end-quench hardenability of both the Mo-V and Cr-Mo-V 
materials is shown in Fig. 16. It is to be noted that end-quench- 
ing of the Cr-Mo-V specimen from 1675 F resulted in a relatively 
low hardenability, whereas quenching from 1950 F produced a 
relatively high hardenability comparable to that obtained on the 
Mo-V material quenched from 1675 F. Whereas the carbon con- 
tent of the Mo-V specimen was somewhat higher than that of the 
Cr-Mo-V, the difference in the two hardenability curves of the 
specimens having a comparable quenching temperature is due 


JOMINY END-QUENCH HARDENABILITY 
OF VANADIUM BEARING MOLY AND 
CHROME-MOLY STEEL 
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CR-MO-V AS ROLLED 
1950" F -45 MIN -END Qu 


Distance from Water Quenched End in léths. 
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principally to the extent to which the vanadium carbide went in 
solution. From Fig. 16 it appears that the vanadium carbide or 
complex chrome-vanadium carbide in the Cr-Mo-V specimen is 
more difficultly soluble and requires a higher solution (quenching) 
temperature than does the Mo-V material. 

This was further substantiated in initial tests to determine the 
precipitation-hardening effects obtained using the Cr-Mo-V 
analysis. Precipitation-hardening obtained on specimens origi- 
nally air-cooled from 1800 F was found to be very slight as com- 
pared with the marked effect obtained on Mo-V specimens origi- 
nally air-cooled from the same temperature. 

Fig. 17 is presented in substantiation of the marked precipita- 
tion hardening of the Mo-V specimens at 1100 and 1200 F follow- 
ing the 1800 F air cool (For chemistry of this material see item 
2370, Table 2). The extent to which advantage can be taken 
of the precipitation-hardening effects of the vanadium-bearing 
steels, is believed to be primarily a function of the solution tem- 
perature used prior to tempering. It is to be noted from Fig. 18 
that exceptionally high hardness can be obtained in a 0.10 per cent 
carbon-moly-vanadium material upon tempering at 1200 F 
following a 1950 F air cool whereas the same tempering treat- 
ment following a 1750 F air cool results in only a moderate in- 
crease in hardness (For chemistry of this material see item 2491, 
Table 2). This variation is believed to be due solely to the 
extent to which the vanadium (p bly v di carbide ) 
has dissolved in the austenite. 

To take advantage therefore of the precipitation hardening 
afforded by the use of vanadium, high normalizing (solution) 
temperatures are required. If a high solution temperature 
is not used the primary benefit derived from the use of vanadium 
is believed to be lost. 

A comparison of the 1200 and 1300 F aging curves for the Cr-Mo- 
V materia] shown in Fig. 13 reveals a reasonably close check with 
similar data given in Fig. 19. 

Additional data on the mechanical properties of Cr-Mo-V 
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steel are presented in Figs. 20 and 21. From Fig. 20 it is to be 
noted that a maximum of 115,000 psi tensile strength can be 
developed by aging at 1200 F for 2 hr. With this tensile and 
correspondingly high yield point, it is surprising that this is 
achieved with only a slight loss in elongation and reduction of 
area. The data plotted in Figs. 20 and 21 were obtained from 
0.505-in-diam tensile bars machined from 1'/s in. X 1*/g in. 
6-in-long heat-treated bars cut longitudinally from 85/s-in- 
OD * 1'/s-in. wall pipe of the analysis covered by item 2645 CR, 
of Table 2. 

Since the cooling rate of these bars from the 1950 F treatment 
was more rapid than that to be obtained in commercial car- 
type furnaces, the yield and tensile values may be slightly higher 

than that obtained in actual fabrication. These curves do in- 
dicate the trend of values to be expected, however, and based 
_ upon the heat-treating specifications given by the authors it may 
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be seen from Fig. 21 that assemblies fabricated from this grade 
of material will go into service with a yield point in the range of 
68,000-75,000 psi and a tensile strength of 85,000-95,000 psi. 
These values seem, and are, high in terms of certain of the more 
conventional materials but it must be recognized that as the 
demand increases for high-temperature strength some sacrifices 
must be made in a “30 per cent elongation standard” at 70 F. 


In acknowledging the excellent discussions of Messrs. Blum- 
berg, Clark, Emerson, Newell, and Wilder, the authors wish to 
express their appreciation of the fine co-operation and the many 
contributions made to this and other development projects of the 
authors’ company by the steel manufacturers and fabricators. 
Their observations of pilot operations on new materials as well as 
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their experimental] work must be weighted heavily in development 
of new materials and the processing thereof for high-temperature 
structural service. Mr. Blumberg’s three-point summary of the 
evaluation of piping eatertons § is especially pertinent in this re- 
gard. 

With reference to Mr. Clark’s discussion, the authors haye not 
heen successful in correlating room-temperature hardness and 
long-time, high-temperature strength even when compositions 
and heat-treatments were similar. Certain trace elements, such 
as aluminum, have a marked effect upon high-temperature 
strength when the heat-treatment is kept constant, and even when 
heat-treatment is adjusted to give similar microstructures as well 
as room-temperature physical properties. In this regard Item 
2370 was from a commercial heat of pipe. The heat-treatment in- 
volved cooling a half section 6*/s in. OD X 0.718 in. thick from 
the normalizing temperature in still air. The heat was also silicon- 
killed and made in an electric furnace. Item 2399 was from an 
aluminum-killed induction furnace heat (lower nitrogen. content) 
and was air-cooled from the normalizing temperature as a */,-in. 
octagon in a 3-in. pipe, packed with cast-iron chips. This treat- 
ment is customarily applied to smaller samples to represent cool- 
ing rates measured on relatively large heat-treating batches in the 
shop. 

The data referred to by Mr. Clark, Tables 1 through 7, were 
given as a background to justify the selection of the average high- 
temperature strengths noted in Figs. 5, 6, and 7of the paper. For 
the type of analysis mentioned by Mr. Clark, much more detailed 
data are desirable. As a case in point, Item 2645 CR is listed in 
Table 5 as having 100,000 hr rupture strength of 23,000 psi. Only 
2767 hr of testing had been completed at the time of this listing, 
and as these tests have progressed it becomes evident that this ex- 
trapolated figure may finally be as high as 28,000 or 30,000 psi. 

Short-time high-temperature tests have been found to corre- 
late better with room-temperature hardness than do the long-time 
values. It is the authors’ belief that this comes about because of 
the greater similarity in the behavior of material under stress in 
these short-time tests. The mechanisms of flow and fracture in 
the long-time rupture test differ markedly from those in the short- 
time test, as evidenced by the “break” or change in slope of the 
log-stress versus log-time to failure plot at elevated tempera- 
ture. Perhaps at lower testing temperatures or where the com- 
position and heat-treatment of the material are such that straight 
log-stress versus log-time to failure plots are obtained, the correla- 
tion referred to by Mr. Clark is better. A concerted effort is being 
applied to correlation studies because development programs are 
lengthened unduly by the necessity for obtaining long-time creep 
and rupture strengths for evaluation purposes. 

Mr. Clark's comments concerning permissible hardness levels in 
piping systems are very pertinent. The authors attempted to 
express their awareness of the desirability of keeping hardness 
levels low. However, as noted by Messrs. Blumberg, Newell, and 
Emerson in their discussions of the subject paper, it is apparently 
true that the attainment of better high-temperature strength in 
ferritic piping steels will necessitate some increase in hardness over 
that normally encountered and some sacrifice in room-tempera- 
ture ductility, which will require better control of handling proce- 
dures. 

Mr. Emerson’s discussion constitutes a notable addition to the 
information at hand on vanadium-containing piping steels, and 
the authors are grateful for its presentation. The authors agree 
with Mr. Emerson’s conclusions in all respects. The curves pre- 
sented in Fig. 18 of Emerson’s discussion, illustrate very well not 
only the higher levels of hardness obtained as a result of higher 
solution treatments but also a greater resistance to tempering 
incorporated in the material as a result of higher solution treat- 
ment. It is felt that this bears directly on the problem of sta- 
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bility relative to mechanical] strength after prolonged exposures to 
service temperatures. 

In response to Messrs. Krieg and Dedrick’s discussion, the 
authors would like to point out that at this time the specimens 
from silicon-deoxidized electric-furnace heats of molybdenum- 
vanadium piping steel with the high-temperature normalizing 
treatment and draw, preheated before welding and stress-relieved 
after welding, have not graphitized in test; while, as noted by 
Krieg and Dedrick, specimens taken from heats made dif- 
ferently or lacking the afore-mentioned heat-treating and welding 
procedure have been shown to graphitize. The authors by “in- 
advertent mishandling” referred to the possibility that a user of 
such Mo-V steel, perhaps not needing the ultimate in high- 
temperature strength, might inadvertently leave out some im- 
portant steps in this process and put the steel into high-tempera- 
ture service in a condition susceptible to graphitization. The ad- 
dition of 1 per cent Cr minimizes this possibility. 

The authors concur with Mr. Wilder in his feeling that the 
possibility of graphitization is remote in the 1 Cr-1 Mo-'/, V steel. 
It may very well be that additional chromium may be found de- 
sirable as service temperatures are raised to combat excessive 
scaling in service. This matter is being investigated intensively 
in the authors’ laboratory. A principal role of age-hardening in 
the vanadium-containing steels is in increasing the resistance to 
tempering reaction in service and thereby lending stability in the 
sense of mechanical strength. 

Mr. Robinson’s comments relative to predicted rupture 
strengths on the basis of short-time tests are interesting, and it is 
probable that in the case of Item 2645 CR, mentioned previously, 
the authors have been similarly conservative in their estimations; 
however, in view of the variations in composition and heat-treat- 
ment which are experienced as a matter of course in production, 
and the relatively slight amount of knowledge available on the 
effects of these variations on long-time, high-temperature proper- 
ties, the authors feel such initial conservatism to be justified. 

With respect to Mr. Newell's question relative to the strength 
of annealed Cr-Mo-V piping stee!, the authors would expect the 
properties to be influenced markedly by the austenitizing tem- 
perature. Using 950 C or lower, the annealed steel is probably no 
better than the '/, Cr-'/, Mo pipe in the annealed condition. 
The data given in Table 11, herewith, seem pertinent in this re- 
gard. 

With respect to the stability of these age-hardening materials, 
the latest values for the tests plotted in Fig. 8 or Fig. 9 of the 
paper are given in Table 12. 

As noted in the paper, the Cr-Mo-V piping material is tempered 
to produce rather severe overaging. As stated before, this is in 
the interests of obtaining the best compromise between high- 
temperature strength and notch ductility at low temperatures. 
However, it also should result in a rather high degree of stability 
relative to the age-hardening mechanism. 

In response to the request by Messrs. Newell and Heller for 
elongation values obtained in the rupture tests presented in the 
paper, the data in Table 13, herewith, were oBtained from the 
time to failure versus per cent elongation plots made in conjune- 
tion with these tests. 

It should be noted in passing that long-time rupture tests some- 
times exhibit a somewhat fictitious high per cent elongation value 
when the break is of the intercrystalline variety and is ac- 
companied by many secondary breaks and fissuring along the 
gage length. 

Relative to Mr. Newell’s request for comment as to whether 
the high strength characteristics of the Cr-Mo-V piping steel is 
due to composition or, in a large measure, due to the heat-treating 
practices employed, the authors feel that the high-temperature 
strength of this alloy is ee due to the paceman age-harden- 
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TABLE 11 

Item no. 
2490 A--Pipe 
2501 A—Pipe 
22318 A-—-Casting.......... 
2224 A-—Casting 


DATA ON THE 


Composition 
..0.11 C 0.99 Mo-0,17 V 
0.11 C 0.99 Mo-0.17 V 
.0.16 C 0.91 Mo-0.10 V 
ov 
V 


STRENGTH OF Cr-Mo-VY PIPING STEELS AND CASTINGS 


Heat-treatment 

AG: 700 4 br FC 

ta 950 C 8 hr FC; 650 C 4 hr FC 
rose ‘hr; 650 C 2 br AC 
050 C FC 135 hr A As Ae FC 

“a 25 C/hr; 650 € 

1050 C FC 400 racy 
1050 C FC 100 C/hr: 


0.16 C 0.91 Mo-0.1 


om 


Mo-0.14 
r 


2246 A-—Casting. . Mo-0.14 V 


2247 A-—Casting.. 


Rupture strength 
... 100000 hr rupture, 1000 F, 9900 psi 
. 100000 hr rupture, 1000 F, 23000 psi 
.. 100000 hr rupture, 1000 F, 16000 psi 
100000 hr rupture, 1000 F, 14000 psi 
0.1% /100000 hr creep strength, 1000 F, 
0.1% /100000 hr creep strength, 1000 F, 


Item no 
2490 
2501 
2218 
2224 
2246 
2247 : 


2500 psi 


TABLE 12 | OF AGE- 


TESTS OF FIG 
Item no. 


VALUES FOR high-temperature strength. This was noted in Mr. Emerson's 
discussion of this paper also. 

With further reference to Mr. Heller’s discussion, the authors 
also have noted a high degree of response to age-hardening during 
tempering of ‘“‘as-hot-rolled” vanadium-containing steel, but the 
use of the material in the as-rolled and tempered condition is not 
thought advisable because of the difficulty of controlling suf- 
ficiently the finish temperatures to obtain adequate uniformity of 
properties in steels so sensitive to heat-treatment. With reference 
to Mr. Heller’s comments on the effects of heat-treatment on rup- 
ture ductility, it is also our experience that lower normalizing tem- 
peratures result in better ductility in long-time rupture tests; how- 
ever, this increase in ductility is obtained only at the expense of 
high-temperature strength. 

In the fabrication of Cr-Mo-V piping, particular attention must 
be paid to the high-temperature strength of the welds. As 
pointed out previously, the high-temperature strength of a 
vanadium-containing steel is dependent upon the heat-treatment 
as well as the chemical composition, and since, in general, the 
fabrication welds cannot be fully heat-treated, their high-tem- 
perature strength is less than that of the normalized and tem- 
pered vanadium-containing base material. Accordingly, when 
full advantage is taken of the high-temperature strength of the 
base material, it may be advisable to crown the welds more than 
the usual] practice with the more common weaker alloys. 

The authors are extremely gratified by the thoughtful and 


Strain, Hours 


leg F per cent 


Stress 
psi 
249 Mo-V 
2645 5 CR Cr-Mo-V 
2491 Mo-V 
2645 CR Cr-Mo-V 


8000 
9600 
4000 
4000 


0.08 20000 
0.041 8000 
0.075 
0.045 


20000 
8000 


ELONGATION Valons OBTAINED IN RUPTURE 


Temperature, — Rupture ductility 
) 10 hr 100 hr 10 
1000 F 


1000 F 


wre 


2645 
( ) = extrapolation 


ing reaction, which is evident in the vanadium-containing steel 
after a suitable high-temperature normalizing treatment (1000 C 
or higher). Reference to Fig. 12 of the paper shows the de- 


pendency of this reaction upon solution temperature; and straight 
Mo or Cr-Mo steels are not characterized by such a pronounced 
hardening reaction on tempering. Thus composition and heat- 
treatment must be ascribed equal importance in obtaining good 


valuable discussion attending this paper and await with great in- 
terest the complete publication of the various experimental pro- 
grams on vanadium-containing steels referred to by those par- 
ticipating in the discussion. 
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1100 
1100 
TABLE 
Item no 
2370 
2375 2.5 
2395 CR 900 F 62 
1000 F (7) 
2398 900 F 
2309 OOF (10.5) 
1000 F (10) 
2491 990 F (4.5) 
11.2 
(1.7) 
(19) 
18) 
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Effect of Molecular Weight of Entrained Fluid 


on the Performance of Steam-Jet etticaas 


By W. C. HOLTON, ' 


A program of research sponsored by the Heat Exchange 
Institute* involved pumping 15 pure gases and 12 mixtures 
of gases with small commercial single and two-stage 
steam-jet ejectors supplied by two manufacturers. Re- 
sults were calculated in terms of “air equivalent’’ or 
“entrainment ratio,”’ which is the ratio of the flow rate of 
gas to that of air under similar conditions. Entrainment 
ratios were found to be a function of the molecular weight 
of the gases handled and were plotted as a smooth curve, 
which is independent of pressure, design characteristics 
of ejectors, and is applicable to mixture of gases. It is 
concluded that the curve may be used to predict results 
obtainable with any ejector system. 


ANUFACTURERS and users of steam-jet ejectors have 
M long been faced with the problem of specifying the cor- 

rect size of ejector to be used to pump a gas whose physi- 
cal properties differ widely from those of air. One method of 
evaluation would involve the running of full-scale tests with ex- 
pensive gases at high flow rates. Various member companies of 
the Heat Exchange Institute had run limited tests on molecular- 
weight entrainment, but the results of various manufacturers’ 
tests did not agree closely. Furthermore, only a limited amount 
of test information has appeared in the literature,’ and often 
this has been considered impractical in view of the limitations 
of the tests which have been run. 

For the purpose of developing a suitable standard, the Heat 
Exchange Institute authorized an investigation at Battelle 
Memorial Institute in August, 1946. For this work, both single 
and two-stage ejectors were to be used with 13 pure gases and a 
total of 12 mixtures of gases. As a secondary objective of this 
investigation was to determine the effect of ejector design char- 
acteristics on performance, two HEI member companies each 
supplied a two-stage ejector for the tests. These ejectors are 
designated A and B. The units were standard stock models of 
practical size for process work. The two stages of ejector A were 
taken apart and the second stage used alone for single-stage 
work. Ejector B was welded together, and motive steam was 
supplied only to the second stage for single-stage tests 

Tests on single-stage ejectors were run from shutoff to 20 in. 
Hg abs and on two-stage ejectors from shutoff to 10 in. Hg abs. 
All tests were conducted at room temperature, nominally 80 F. 


! Research Engineer, Fuels Division, Battelle Memorial Institute. 

* Members of the HEI are the Elliott Company, Foster Wheeler 
Corporation, Ingersoll-Rand Company, Schutte and Koerting Com- 
pany, Westinghouse Electric Corporation, C. H. Wheeler Manufac- 
turing Co., and Worthington Pump and Machinery Corporation. 

* “Performance of Ejectors as a Function of the Molecular Weights 
of Vapors,” by L. T. Work and V. W. Haedrich, Industrial and Engi- 
neering Chemistry, vol. 31, 1939, p. 464. 

Contributed by the Power Test Code Committee on Steam Jet 
Compressors, Research Committee on Fluid Meters, and the Hy- 
draulic Division and presented at the Annual Meeting, New York, 
N. Y., November 26-December 1, 1950, of Tae American Soctery 
or MECHANICAL ENGINEERS. 

Note; Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Oct. 
25, 1950. Paper No. 50—A-114. 
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The main problem involved in performing the tests was that 
of measuring accurately both flow rate and pressure of the gas 
being tested. For the measurement of flow rate, nozzles devel- 
oped by the HEI‘ were used. Diameters of these nozzles were 
0.06299, 0.09402, 0.12501, 0.18799, 0.25002, and 0.31303 in. 
Mercury U-tube manometers were used to measure pressures on 
each side of the nozzle. The pressure of the gas at the inlet of the 
first operating ejector was measured by a floating-scale mercury 
manometer which made it possible to read differential pressures 
directly. A standard barometer was located on the instrument 
panel. The temperature of the gas was measured by mercurial 
thermometers inserted through rubber stoppers into the gas 
stream. 
| Fig. 1 shows the general arrangement of the equipment used 
for the tests with air. Three of the six gas chambers are visible 
at the left of the picture. The metering nozzles were installed in 
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mounting plates between the flanges shown in the center of the 
gas chambers. The chambers connect through Nordstrom 
valves to the mixing chamber, which is a steel cylinder, baffled 
internally to assure mixing of gases. The ejectors were bolted 
to a Nordstrom valve on the right-hand end of the mixing cham- 
ber. Motive steam for the ejectors, supplied from a small steam 
generator, was dried thoroughly by being passed through two 
steam separators and was discharged to the atmosphere through 
a crude muffler. Steam pressure was measured by a conven- 
tional Bourdon gage, and steam temperature was measured by 
thermocouples. 

For testing pure gases and gas mixtures, cylinder gases were 
piped, at full cylinder pressure, to a steam-jacketed high-pressure 


‘Standard Nozzles Mean Better Fluid-Flow Measurements,"’ by 
H. 8. Bean, W. H. Reynolds, and R. M. Johnson, Power, vol. 89 
1945, pp. 578 and 670. 
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“4 “a responds to an in-leakage of 0.015 lb per hr. 


throttling valve. Two needle valves, giving both coarse and fine 
control of flow rate, followed the main throttling valve and regu- 
lated the flow of gas into a heat exchanger. This contained 


steam coils and was operated to maintain the temperature of the 
gas at the metering nozzles close to 80 F. Gas was piped from the 
heat exchanger, through a manifold, to the six gas chambers. 


Test Procepure 


Before each test the system was checked for air tightness by 
closing the six Nordstrom valves at the gas chambers, evacuating 
the mixing chamber with the ejector, and closing the Nordstrom 
valve at the ejector suction. The rate of pressure rise inside 
the mixing chamber was then noted, and testing was begun only 


In many cases this 
rate was much lower. 

The upstream pressure was held at a constant value, near at- 
mospheric pressure, for any given test to simplify calculations. 
Readings of gas temperature and pressure upstream of the meter- 
ing nozzle, of differential pressure across the nozzle (for non- 
critica) flow only), of pressure at the ejector suction, and of the 
barometer were recorded for each test point. In addition, data 
on the condition of the motive steam were also recorded regu- 
larly. Readings were taken as soon as pressure equilibrium had 
been reached; this was determined by observing fluctuations in 
the level of the floating-scale manometer. 

Experience showed that tests could be run more rapidly by 
proceeding from low to high flow rates. Consequently, each 
test was started with a no-load (or shutoff) reading before the 
metered fluid was admitted through the smallest flow nozzle. 
Use of the flow nozzles both singly and in parallel made it possible 
to obtain pressure readings for flow increments of 2 to 6 lb per 
hr. At the conclusion of each test, a no-load check was again 
made. A second reading was also taken of pressure at an aver- 
age flow rate. 


TABLE 1 
Ejector A 
Single stage———. ———Two stage 
Molec- M 
ular 
Gas 
Ammonia 


Natural 
Carbon 


Gas 


Helium. . 


44.01 


Tests with room air were run using the foregoing procedure. 
Pressure upstream of the nozzle was maintained by throttling at 
the inlet to the gas chamber. Tests with cylinder gases were 
slightly more complicated because of the difficulty in maintain- 
ing a constant pressure upstream of the flow nozzle. It was also 
necessary to regulate rather closely the temperature of the gas at 
this point. Tests with mixtures of gases were made by discon- 
necting some of the six gas chambers from the heat-exchanger 
manifold and then connecting these to a separate manifold. To 
this manifold was connected the cylinder or container of the 
second gas being tested. 

Through all tests the temperature and pressure of the motive 
steam to the ejectors were closely watched. Manufacturers’ 
recommendations of steam pressure and superheat were rigidly 
followed. 

Flow rates of gases were calculated using the following formula, 
recommended by the HEI* 

* Tables for Computation of Air Flow Through HEI Standard 


Flow Nozzles,” by P. Freneau and R. Crippen, Heat Exchange In- 
stitute, 1945. 
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P, P, 
gas-flow rate, lb per hr 
area of nozzle throat, sq in. 
nozzle coefficient of discharge 
absolute pressure at nozzle entrance, in. Hg at 32 F 
gas constant for fluid being handled, ft-lb per (Ib) (R) 
absolute temperature at nozzle entrance, F, 


specific-heat ratio 
static pressure at nozzle outlet, in. Hg abs 


Entrainment ratio, in ejector terminology, is defined as the 
ratio of flow of gas to that of air under the same conditions. To de- 
termine this ratio, graphs of absolute pressure as a function of 
gas-flow rate were made for each gas tested. From smooth 
curves drawn through the test points, values of flow rates at small 
pressure intervals (usually 0.5 in. Hg abs) were tabulated for 
each gas. The entrainment ratios were then calculated at these 
same pressures and were averaged for each gas tested. Since the 
compositions of gas mixtures could not be maintained constant 
over a load range, entrainment ratios were calculated for each 
mixture separately and were not averaged. 

Results of 35 tests, comprising a total of 279 individua! test 
points, are included in this report. 


Gases 
Table 1 summarizes the combinations of pure gases and ejectors 
which were tested. Each gas was tested in the pressure range of 
shuteff to 20 in. Hg abs for single-stage ejectors, and shutoff to 
10 in. Hg abs for two-stage ejectors. 
Table 2 shows the compositions of the mixtures of gases (other 


SUMMARY OF PURE GASES TESTED WITH GIVEN EJECTORS 


Ejector B 


Ammonia....... 
Natural 


Carbon dioxide. . 


TABLE 2 COMPOSITIONS OF GAS MIXTURES TESTED WITH 
GIVEN EJECTORS 


Components of mixture-—---— 

Mol per Mol per 

Gas cent Gas cent of mixture 
Ejector A 

Ammonia 

Ammonia 

Ammonia 
Freon-11 
Freon-11 
Freon-11 
Freon-11 


Carbon dioxide 
Carbon dioxide. . . 
Carbon dioxi.te. . 
Carbon dioxide. . . 
Carbon dioxide. .. 
Carbon dioxide. . . 
Carbon dioxide. . . 


Ejector B 
Ammonia 
Ammonia 
Ammonia 
Ammonia 
Ammonia 


than air) used for the tests. Performance tests with air were 
made with both ejectors, single and two stage. Since the gases 
to be mixed were metered in separate gas chambers and were com- 
bined in the mixing chamber, it was convenient to use a given 
mixture at only one rate of flow; consequently, only one pressure 
reading was obtained for each mixture. 
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—Single stage— Two stage — 
Molec olec- ida! 
4.00 17.03 Hydrogen.. 2.02 
Isobutane 58.12 Isobutane.. 58.12 7 
elium.......... 49.30 0.70 | 
elium.......... 35.71 4.29 


Resutts or Tests 


Fig. 2 shows calculated entrainment ratios plotted as a function 
of the molecular weight of the gases tested. The smooth curve 
drawn through these points has been accepted by the HEI for 
its forthcoming revision of the “‘Standards of the Heat Exchange 
Institute, Steam-Jet Ejector and Vacuum-Cooling Section.”’* 
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Examination of the plotted data shows, first, that design char- 
acteristics of the ejectors tested have no effect on performance as 
tested. The single smooth curve passes equally well through 
entrainment-ratio values obtained with both ejectors. Thus the 
conclusion is reached that the curve may reasonably be used to 
predict results obtainable with any ejector system 

A second conclusion is that results obtained from testing both 
single and two-stage ejectors are comparable, regardless of the 
different absolute pressures maintained by the two machines. 
Independence of these data from the limitation of pressure per- 
mits extrapolation of the results to cover ejectors handling gases 
at absolute pressures lower than were maintained with the single 
and two-stage unite. 

Finally, the fact that the test points for mixtures of gases lie on 
the curve shows that this plot is not restricted for use with only 
pure gases. Since most ejector applications require use of mix- 
tures of gases where molecular weight can be calculated, the ap- 
plicability of the test results is thus greatly extended. 


ACKNOWLEDGMENTS 


The co-operation and valuable suggestions of the Technical 
Committee, Steam-Jet Ejector and Vacuum-Cooling Section, 
Heat Exchange Institute, and, particularly, those of L. 8. Stin- 
son, chairman, and L. A. Droescher, are gratefully acknowledged. 
The author also wishes to express appreciation for the assistance 
of R. B. Engdahl, under whose supervision this work was done. 


Discussion 


F. Lustwerx.? The data presented offer, for the first time, 
a good experimental evaluation of the effects of molecular weight 
and temperature on the performance of ejectors. In the few 
previous papers the data, as a whole, were not satisfactory, be- 
cause the test ejectors were not properly operated and because 
of the small size and poor design of the ejector (for the requisite 
tests). 


* Copies of this curve are available upon request to the Heat Ex- 
change Institute, 90 West Street, New York 6, N. Y. 

7 Gas Turbine Laboratory, Massachusetts Institute of Technol- 
ogy. Cambridge, Mass. Jun. ASME. 
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There are, however, a few minor criticisms. The effect of k 
(the isentropic coefficient c,/c,) was not considered. However, 
the effects from this cause are quite small since only steam was 
used for the primary fluid. Most of the low-molecular-weight 
gases which were used had a k = 1.4 and the higher-molecular- 
weight gases probably had values of k = 1.1 so that the transi- 
tion was fairly smooth along the curve. The use of steam as 
the driving fluid for these tests is not a serious omission since this 
driving fluid represents the most common usage. 

Part of the scatter in the temperature curves was undoubtedly 
due to heat-transfer effects. In ejectors with more than a single 
stage, and of differing design, it should be expected that wider 
discrepancies occur than for single-stage designs. Probably some 
account could be taken of the amount of heat transfer to the 
surroundings and to the primary nozzle and steam chest. 

All in all, the data show excellent correlation despite the effects 
mentioned herein. The difficulties involved in the test procedure 
with such a wide variety and latitude of results appear to have 
been met with unusual success. 

However, important items such as the pressure and tempera- 
ture of the primary fluid seem to have been overlooked. The 
effects of changes in temperature of the primary fluid certainly 
influence secondary flow. These data should be included to 
complete the report. 


! 4. V. Sanarorr.* The relative performance of a steam-jet 
ejector of any given design when compressing various kinds of 
gas is, of course, susceptible to analysis based on nothing more 
than a consideration of conditions under which the apparatus is 
operated, together with the thermodynamic and other properties 
of the gases in question. Assuming that the performance of the 
ejector when compressing one mixture (for example, steam and 
air) is known, then the equivalent performance when handling 
another mixture can be analyzed and accurately evaluated. Such 
analysis should be of interest to the author as a further means 
of appraising the results reported. In the hope that the author 
will study further his unpublished data, which he undoubtedly has, 
and comment again in the light of this discussion the writer pre- 
sents herewith such analysis. In developing it, it is necessary 
to make several gssumptions, three of which may be stated as 
follows; others will be evident in the development of the for- 
mula: 


1 The total net amount of energy available from motive gas 
or steam is the same for each mixture to be compressed. 

2 Having the same amount of energy available for compres- 
sion of each mixture equal total weights will be compressed regard- 
less of the composition of the mixture, provided, of course, that 
all other conditions remain the same. 

3 The effects of change in exponent N and compression ratio 
alter the ratio of gas-air mixture by inverse ratio of correspond- 
ing energies required for the compression of the mixtures under 
consic eration. 


Assign subscripts 1 and 2 to steam and air, respectively, in a 
steam and air mixture (1 + 2) to be compressed in ejector and 
subscripts 3 and 4 to steam and gas, respectively, in a steam and 
gas mixture (3 + 4) to be substituted for the arene. 

Let 

8 = entropy 
= ratio of compression 

W = weight 
MW = molecular weight 

T = initial temperature (same for all gases and mixtures) 


* Worthington 
N.Y. Mem. 


Machinery Corporation, Buffalo 
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7 and substituting in place of molecular weights of mixtures 


TRANSACTIONS 


pressure (total for mixtures, partial for each ingredient) 
volume 
compressibility factor 
N—1 6(in 7 
1546 
(MW) 

A, B,C, D = Mole fraction of steam, air, steam, gas, respectively m 
in above mixtures 


R = Gas constant = 


at 


By definition 
A+B=2C+D=10........ 
P, = BP 


By assumption 


W.+W.=Wi+ 


Equations of state 


= 


= (W, + Ws) 


From which 


Gee ti 

can, 


and because of definitions and assumptions 


We PV 


Substituting in place of 4 
2 


Gas D oT a+ 
Since = 


1+2)Za4+2) Ry TZ. 
= 


1546 


1546 
(MW) 


Ris+4) 


1546 
(UW), 
their 


equivalents in terms of individual molecular weights and mole 


fractions 
{17] 


(MW = 


OCTOBER, 1951 


OF THE ASME 


tures in usual terms, and remembering that subscripts 1 and 3 
refer to steam, 2 to air, and 4 to gas 


D(MW)gas A(MW) steam + B(MW)air 
B(MW)air C(MW) steam + D(MW)gas 


—— ratlo = 


Air 


( Nate 
N 1+2) [Na+s 1} 
Nisa) [Nas: 1] ( 


) Zh. 4) 
) Z.Za+2) 
r -1 


which is general formula for gas-air ratio. 

When compressibility Za+2) = 1 and as- 
suming normalization of the type A = B = C = D = '/2,.... [20] 
which is none too contradictory for some conditions, the formula 
reduces to 


Gas (MW )gas 
— ratio = 
Air 


(ME)steam + (MW)air 


(MW)air (MW)steam + (MW)gas 


(MW)gas 
= 1.6214 —— . 
18 + (MW)gas 


where X is ratio of energies of compression per unit volume as 
represented by third and fourth terms of Equation [19]. 
A plot of Equation [21] with XY value taken as unity is shown 


WEIGHT RATIO ants 


Fig. 


Value of X may be calculated from curves shown in Fig. 


4 for various mole percentages of steam-gas mixtures. It is, of 
course, necessary to exercise care in selecting percentages and 
gases for which the values are needed. 

Fig. 5, which compares the curve of Fig. 3 with Battelle ex- 
perimental results, shows how close the two come together and 
when the proper value of X for any particular mixtures under 
consideration is introduced, the coincidence, in spite of stated 
and tacit assumptions, is remarkable. It must be realized, how- 
ever, that in the light of this analysis other gases not used in these 
experiments, as, for example, monatomic gases of group zero of 
periodic table, would not show such close coincidence with the 
Battelle curve. Does the author believe that this “average” 
curve is valid for such gases? 

When motive gas is other than steam, and especially if it is 
used near pressure and temperature where compressibility of 
gases must be taken into consideration, the reader is referred to 
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- compressibility charts aud their application to problems involv- 
ing pressure-volume-energy relation for real gases.* 


Paut Drtserens.'® Engineers concerned with the selection and 
operation of steam-jet ejectors used in chemical process work 
should be grateful for the data which the author has made availa- 
ble. The curve showing an average or approximate relation 
between air-gas ratio and molecular weight, should be quite 
satisfactory for the range of gases selected for the reported tests 
- Tt must be appreciated, however, that change in air-gas ratio 
cannot be defined in terms of molecular weight as a single pa- 
rameter since the N value of the gas, the number of compressions 
through which it is compressed, and possibly other factors, also 
have a direct influence upon the ratio. It seems, therefore, that 
when and if the reported test results are correlated with some 

- acceptable theory defining the relationship in terms of all three 
of the factors, molecular weight, N value, and ratio of compres- 
sion, we may hope to have something which will be useful to the 
designer of steam-jet apparatus as well as to the engineer who uses 
or plans to use jet ejectors. (See discussion by A. V. Saharoff.) 

Unfortunately, individual tests are not reported in the paper, 
and without them only an approximate analysis is possible. 


® Worthington Research Bulletin P-7637, July, 1949. 


1° Consulting , Director of Research, Worthington Pump 
& Machinery Corporation, Harrison, N. J. Fellow ASMF. 
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Assuming, however, that for the tests of the two-stage units, the 
compression ratio in the first stage was always approximately 3, 
and the mol per cent in the mixture to be compressed is 50-50, 
then the gas-air ratio computed from the Saharoff formula will 
compare with the average values reported in the paper, as shown 
in the following table: 


—-—Gas-Air Ratio 
Gas Battelle curve Calculated 
Air 1 1.00 
Helium 
Ammonia 
Nitrogen 1 
Isobutane 
Isopentane 1 
Freon 12 1 


It will be seen, therefore, that the calculated values for the gases 
used during tests are in agreement with the proposed Battelle 
curve. In using the curve, however, it would be prudent to con- 
fine its application to the particular type of gases used for the 
tests. This will be evident if we consider the gas Xenon having 
N value of 1.66, and a molecular weight of 130. The Battelle 
curve shows a gas-air ratio of about 1.57 for a gas having a 
molecular weight of 130, whereas the ratio calculated from the 
Saharoff formula for Xenon shows a ratio of 1.38. 


Avuruor’s CLosuRE 


Mr. Lustwerk’s suggestion that heat-transfer effects may 
account for part of the scatter in the temperature curves (pre- 
fsented in the companion paper'') is appreciated. More data are 
certainly required to determine the magnitude of these effects on 
performance data. No attempt was made to correlate such 
effects with the test results in this investigation. 

The ejectors were operated with motive steam at constant 
pressure and with motive steam temperature as close as possi- 
ble to design conditions, which specified operation at 125 psig 
with a superheat of 5 to 10 deg. 

Mr. Saharoff’s derivation of a formula for the calculation of 
the entrainment ratio is a real contribution to the literature. 
The author wishes to suggest, however, that this treatment be 
expanded in the form of a technical paper and that the deriva- 
tion be written more completely for the convenience of the 
reader. The test data used by the author could then be pre- 
sented in a discussion to Mr. Saharoff’s paper. 

The author wishes to take exception to Mr. Saharoff's second 
assumption which seems to be incorrect. It is true that the 
same amount of energy is available for compression, By the 
same token, the same weight of steam is used for compression. 
In the notation of the discusser (and following Equation [4 }) 


Wi = W, 


The test data, as shown in Fig. 2, show that 


W, = W, 


unless subscript 4 refers to air in the special case. Thus Equation 
[4] does not hold. By the same reasoning, Equation [10) 
is incorrect. 

The “normalization” which Mr. Saharoff uses in Equation 
{20} applies only over a narrow range of operation, The author 
wishes to caution against the use of Equation [21] for the solu- 
tion of general] problems for this reason. 

The curve of Fig. 2 is presented as an ‘‘average” and, as Mr. 
Saharoff notes, might not, be true for gases whose physical proper- 
ties vary widely from those of the gases tested. Most problems 


11 “Effect of Temperature of Entrained Fluid on the Performance 
of Steam-Jet Ejectors,”” by W. C. Holton and FE. J. Schulz. See 
pages 911-913 in this issue of Transactions. 
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encountered by ejector manufacturers, however, deal with gases 
more similar to those tested than those of group zero of the peri- 
odie table. 

Mr. Saharoff’s suggestion that the compressibility of gases 
must be considered in special cases should be expanded for the 
information of the reader. The limitations of the use of Fig. 4 
should be clearly stated. Both of these points could be well 
covered in the expansion of this discussion which the author 
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The interstage pressure was not recorded on most of the tests 
reported. Consequently the author does not have sufficient 
data to perform the calculations suggested by Messrs. Saharoff 
and Diserens. It is agreed that such information would be 
valuable. 

The constructive discussions are appreciated, and it is hoped 
that further analysis such as that submitted by Mr. Saharoff will 
produce additional information for a more comprehensive under- 
standing of ejector action. 


suggests 


= _ sponsorship of the Heat Exchange Institute.’ 


only the second stage was used for single-stage tests. 


Kffe 


ct of Temperature of Entrained Fluid 


on the Performance of Steam-Jet Ejectors 


C. HOLTON! anp E. J. SCHULZ? 


~~ investigation of the performance of small commercial 

single and two-stage steam-jet ejectors handling air and 

i steam at temperatures to 1000 F was conducted under the 

The results 
a" of tests are expressed in terms of “entrainment ratio,” 

_ which is the ratio of the flow rate of gas at a given 

_ temperature to that of the same gas at a base temperature. 

_ Entrainment ratio was found to be a linear function of 

temperature. The test results given appear to be inde- 

? pendent of pressure and of design characteristics of the 

ie ejectors tested. Therefore the plot of the variation of 

entrainment ratio with temperature is, within the limits 


| oe the test accuracy, thought to be applicable to any 


ejector system. 


HE equation for critical flow indicates that the weight rate 
of flow of gas pumped by an ejector is inversely proportional 
to the square root of the absolute temperature. However, 
practical testing has not verified this indication. This behavior 
has evidently never been explained, as no reports of investigations 
into the problem have been found in the technical literature. 
Various member companies of the Heat Exchange Institute had 
- run limited tests on temperature entrainment, but the results of 
various manufacturers’ tests did not agree closely. To supple- 
an earlier investigation* on the performance of ejectors 
when handling various gases, the Heat Exchange Institute spon- 
sored a series of tests with air and steam at elevated temperatures 
to develop an accurate method of predicting ejector performance 
at high temperature. 
Laboratory tests were conducted at Battelle Memorial Insti- 
tute beginning in May, 1949. Two-stage ejectors, of practical 
size for chemical process plants, were supplied by two HEI mem- 
_ ber companies. These ejectors are designated “A” and “B” in 
_ this report. The two stages of ejector A were taken apart and 
Single- 
_ stage tests were run from shutoff to 10 in. Hg abs, and two-stage 
tests from shutoff to 6 in. Hg abs. The maximum temperature 
reached in these tests was 1000 F. 


APPARATUS 
A 65,000-Btu per hr Selas heater, equipped with a compressor 


! Research Engineer, Fuels Division, Battelle Memorial Institute. 
Columbus, Ohio. 

? Laboratory Asst. Fuels Division, Battelle Memorial Institute. 

> Members of the HEI are: Elliott Company, Foster Wheeler 
Corporation, Ingersoll-Rand Company, Schutte and Koerting Com- 
pany, Westinghouse Electric Corporation, C. H. Wheeler Manu- 
facturing Co., and Worthington Pump and Machinery Corporation. 

‘Effect of Molecular Weight of Entrained Fluid on the Perform- 
ance of Steam-Jet Ejectors,”’ by W. C. Holton. See pp. 905-910 
of this issue. 

Contributed by the Power Test Code Committee on Steam Jet 
Compressors, Research Committee on Fluid Meters, and the Hy- 

_ draulic Division and presented at the Annual Meeting, New York, 
Y., November 26-December 1, 1950, of Toe American Soctery 
or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Oct. 
25, 1950. Paper No. 50-—-A-115. 


and a premixing valve, was used to heat the test gas (air or steam) 
before it entered the ejector suction. The outlet of the heater 
was bolted to a stainless-steel pipe tee, to which the ejector was 
fastened. The tee was operated as an adiabatic thermocouple 
shield, that is, the tee metal was maintained at the same tem- 
perature as that of the gas inside the tee by the use of electrical 
strip heaters. The entire tee was heavily lagged to reduce loss 
of heat to the surrounding air. A plain thermocouple bead of 36- 
gage chromel-alumel wire was placed in the center of the gas 
stream in the tee. This bead was protected from radiation ef- 
fects by sheet-silver baffles placed in the pipes both upstream and 
downstream of the thermocouple. The temperature of the tee 
proper was observed by a thermocouple peened deep into the 
metal. The discharge of the ejectors was vented to the atmosphere 
through a crude muffler. 

For tests with air at high temperature, the same metering and 
pressure-measurement system was used as that described in the 
investigation previously mentioned.‘ The flow rate of air was 

easured by determining the pressure drop across the orifices 
in the gas chambers. The Selas heater was connected to the 
outlet of the mixing chamber. A floating-scale mercury manome- 
ter was used to measure pressure at the ejector suction. A 
manual potentiometer was used to read all thermocouples. 

To test with steam as the secondary, that is, the entrained fluid, 
required some modification of the apparatus. The gas chambers 
and mixing chamber were not used because of the difficulty in 
eliminating cond tion of the steam after passing through the 
A new gas chamber was constructed by placing one 


flow nozzle. 
of the two smallest HEI nozzles between two “spool” pieces of 
pipe, connected at one end to the steam line through a Nordstrom 
valve and a separator and bolted to the Selas heater at the down- 
stream end. Nozzles used were 0.06299 and 0.09402 in. in diam. 
Both of the spool pieces were heated to above steam-saturation 
temperature to prevent condensation, and the entire section was 
heavily lagged with insulation. A bleed was provided in the up- 
stream spool piece to assure drainage of any condensate. Tem- 
peratures of the spool pieces were taken with thermocouples. 
For the steam tests, thermocouples were wired to a 12-point 
high-speed recording potentiometer. This was more satisfactory 
than the manual potentiometer used for the air tests, as it gave a 
printed record of temperatures by which the test operator could 
keep the entire system under close temperature’ control. 


Test Procepure 


As a measure of the tightness of the test apparatus, readings of 
the absolute pressure at the ejector suction were recorded for 


no-load operation; this was found to be a satisfactory leak check 
The entire system, including the ejectors, was leak-checked, both 
before and after the series of tests with air, by evacuating with a 
mechanical vacuum pump, sealing off the system, and observing 
the rate of pressure rise. The maximum rate tolerated was 0.1 
in. Hg in 10 minutes, which corresponds to 0.015 Ib per hr. 
However, the in-leakage was much less for most tests. 

For tests with air, flow rates were varied by using several com- 
binations of flow nozzles while operating at a constant pressure 
upstream of the nozzle. Tests were run at constant temperature 
by gradually increasing the flow of air while maintaining the tem- 


f 


. 
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perature at the ejector suction constant. This was faster than 
operating at constant flow by varying temperature, because of the 
lag of the Selas heater. 
For tests with steam as the secondary fluid, the flow rate was 
varied by changing the upstream pressure, because only one flow 
nozzle was used for each ejector combination. As in the test 
with air, tests were similarly run at constant temperature and 
changing load. 
Readings of absolute pressure were recorded when the entire 
system reached temperature equilibrium. Because the absolute 
- pressure at the ejector suction would change rather rapidly with 
variations in load, it was necessary to wait for the temperature of 
the tee metal to be brought to the same temperature as that of the 
gas in the tee. In air tests, these temperatures were observed by 
rapidly switching the manual potentiometer from one couple to 
another. The recording potentiometer was used for the steam 
tests and the temperature trend was recorded on the chart. The 
length of the tests was determined largely by the temperature lag 
of the Selas heater and the electric strip heaters on the tee, and 
by the operator's skill in maintaining these temperatures equal. 

Through all tests, the temperature and pressure of the motive 
steam to the ejectors were carefully observed. Manufacturer’s 
recommendations of steam pressure and superheat were closely 
followed, 

The results of 72 tests, comprising some 374 test points, are in- 
cluded in this report. 


CALCULATIONS AND Pyors 


The flow rate of air was caleulated using the following formula 
recommended by the HEL.* 


»\2 
VRWVT P, P, 


Wo= gasflowrate,Ibperhr 
A, = area of nozzle throat, sq in. 

C = nozzle coefficient of discharge 
P, = absolute pressure at nozzle entrance, in. Hg at 32 F 
PP, = static pressure at nozzle outlet, in, Hg abs 

R = gas constant for fluid being handled, ft-lb per (Ib) (R) 
T, = absolute temperature at nozzle entrance, R 

k = specific heat ratio 


The rate of flow of steam was calculated by means of the fol- 
lowing formula 


W = 


in which 


in which 


W = steam flow rate, lb per hr 

A; = area of nozzle throat, sq in. 

C = nozzle coefficient of discharge 

P, = absolute pressure at nozzle entrance, psia 
T, = absolute temperature at nozzle entrance, Rk 


Test results were plotted first as lines of A flow as a 
function of pressure and temperature. These data were then 
cross-plotted to give lines of constant temperature with flow rate 
and pressure as the other variables. From smooth curves drawn 
through these points, values of flow rates at small pressure inter- 
vals (usually 1.0 in, Hg abs) were tabulated for each temperature 


* “Tables for Computation of Air Flow Through H.E.I. Standard 
Flow Nozzles.” by P. Freneau and R. Crippen, Heat Exchange Insti- 
tute, 1945 
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curve. The entrainment ratio, which is the ratio of the rate of 
flow of gas at the test temperature to that at the base temperature 
(90 F), was calculated at each pressure. The entrainment ratios 
obtained for each temperature were then averaged. 

As 200 F was the lowest temperature at which steam tests were 
run, entrainment ratios for steam were calculated on this basis. 
For the final plot of these results, the average line drawn through 
the steam points was shifted to a base point of 90 F using the same 
slope as that found from the original line. 

Fig. 1 shows the effect of temperature on entrainment ratio for 
the tests with air. It will be noted that the maximum deviation 
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of any point is less than four per cent. The individual points for 
any one ejector would lie on an “‘S” curve; no adequate explana- 
tion has been found for this. The straight line shown is thought 
to be a fair approximation of the average test results. 

Fig. 2 presents the variation in entrainment ratio caused by 
temperature change for steam tests. Again, four per cent is the 
maximum deviation of any point from the straight line. It will 
be noted, however, that the results for tests with any one ejector 
seem to lie in a straight line. 

Fig. 3 combines the average lines shown on Figs. | and 2. As 
pointed out before, the line for the steam tests has been shifted 
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ment ratio is independent of pressure in the range of 0.2 to 10.0 
ae in. Hgabs. This is evident from the fact that the spread between 
points plotted for single and two-stage tests is not great. 


qj ex % Secondly, the entrainment ratio is independent of design charac- 


teristics of the ejector. This conclusion is verified by the rela- 

tive positions of the points shown. Closer correlation of data 

and more accurate results would have required a more exten- 

sive test program and more elaborate methods of temperature 

control and measurement than were feasible or necessary for this 

work, It is felt that the accuracy of these results, plus or minus 

four per cent, is sufficient for commercial purposes. The correla- 

tion of entrainment ratio and temperature shown in Fig. 3 can 

be used to predict ejector performance at high temperatures. 

This plot has been accepted by the HEI for its forthcoming 

revision of the “Standards of the Heat Exchange Institute, 
Steam-Jet Ejector and Vacuum-Cooling Section.’"* 
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ejector handling gas at 90 F. 


CONCLUSIONS 


staff were major factors in the successful outcome of this investi- 
gation. 


* Copies of this curve are available upon request to the Heat Ex- 


The test results plotted in Figs. 1 and 2 show, first, thatentrain- change Institute, 90 West Street, New York 6, N. Y. 
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_ Turbojet-Engine Design for High-Spee 
Flight 


By W. V. HURLEY,' LYNN, MASS. 


The flight mission which a proposed engine is required 
to fulfill exerts a marked influence on the basic engine de- 
sign. Missions involving high flight altitudes and high 
flight speeds tend to throw this problem into sharp relief. 
Accordingly, this paper discusses the general engine-design 
problem to meet the requirements of such niissions. 


INTRODUCTION 


HE design of an engine may be regarded as a series of 

choices providing increasing amounts of information re- 

garding the final design as the series proceeds. This is 
illustrated in Fig. 1. 

It is from the set of all possible engine designs, A, that the 
final choice is to be made. The first step toward this choice is 
the specification of a mission, i.e., what is required of the engine. 

_ This specification wil] limit the choice to those engines within 
the subset B. The size of the subset B will depend upon the 
nature of the “mission” specification. It may be so broad as 
to eliminate none of the possible designs or so unrealistic as to 

eliminate all of them. 


The set of all possible designs. 
A subset of A determined by specifications of mission. 
A subset of B determined by specification of cycle state condi- 
tions. 
= A subset of C determined by specification of aerodynamic 
design. 
> = A subset of D determined by specification of mechan ical design. 


Fie. 1 Gas-Tursine Desion 


The next choice to be made is that of the cycle state conditions 
(pressure ratio, turbine temperature, and so forth). This choice 
has been limited by the statement of the mission, and in turn 

_ limits the number of possible aerodynamic designs. After the 
} cycle has been established (thus placing the final design within 
the bounds of subset C), it is possible to state the physical dimen- 


sions of the engine very roughly. 


The aerodynamic design is then made, restricting the possible 


! Development Engineer, Aircraft Gas Turbine Engineering 

Division, General Electric Company. Jun. ASME. 

5 Contributed by the Gas Turbine Power and Aviation Divisions and 
_ presented at the Annual Meeting, New York, N. Y., November 26- 
December 1, 1950, of Tue American Society oF MecHANICAL 
ENGINEERS. 

i Nore: Statements and advanced in papers are to be 
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mechanical designs to those contained in subset D. At this stage 
physical form and dimensions can be asserted more precisely. 

The mechanical design sets forth the physical dimensions in 
great wealth and detail and narrows the choice of final designs 
to those lying within the subset E. Of course, subsequent test- 
ing and modification continue indefinitely and the “final” design 
is not obtaine/ until the engine is obsolete. 

Our discussion will center, for the most part, around the 
second and t'tird of the choices outlined—the cycle state condi- 
tions and t’:e aerodynamic design. The discussion will in addi- 
tion be limited to turbojets. Turboprops, ducted fans, and 
other eagine variants will not be considered. 

The primary purpose in having the engine aboard the aircraft 
is to produce thrust for propulsion. To pay for this thrust the 
aircraft must accommodate the mass and the volume of the engine 
and its fuel. Thus for an engine of given thrust, the significant 
criteria, from the aircraft-design standpoint, are its size, weight, 
and fuel consumption. Though these have extensive mutual 
relationships we shall take them up in rotation. pe Fes 


Size or ENGINE 


The aircraft drag at the design flight condition sey tonibly 
determines the size of the engine once a decision has been made 
as to the number of engines to be used per airplane. This 
decision involves many variables outside the pass of this 
discussion, although a few comments are in order from the engine 
manufacturer’s viewpoint. 


1 Two small engines will, in general, weigh less for a given 
thrust than one large engine. 

2 At extreme altitudes the smaller engines will suffer more 
from Reynolds-number effects. 

3 The larger engines will be cheaper to manufacture per 
pound of thrust. This may not be true of “extremely’’ large 
engines involving large amounts of special tooling. 

4 The larger engines probably will have a higher strategic- 
materials content per pound of thrust than the smaller. 


After the thrust required per engine has been determined for 
the design flight condition, a number of other variables come 
into play. 

The air flow needed per pound of thrust depends upon the 
turbine-inlet temperature, the compressor pressure ratio, the 
component efficiency level, the fiight altitude and Mach number, 
the anticipated install:.tion losses (including the amount of com- 
pressor air bled for aircraft use), and the compressor air required 
for engine purposes such as cooling. 

Fig. 2 is a typical plot of specific air consumption (air flow, 
pounds per second per pound of net thrust) for flight at a Mach 
number of 2.0, and altitudes above the tropopause. It is evi- 
dent that the higher turbine-inlet temperatures and lower cycle 
pressure ratios wil] yield smaller lower-air-flow engines under 
these conditions. 

Utilization of the higher turbine-inlet temperatures will de- 
pend upon the development of improved materials and improved 
ecoling techniques for both the rotating and stationary parts in 
the aft portion of the engine. The use of air as a coolant be- 
comes increasingly costly as the flight Mach number is advanced 
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This springs from two sources: Any available air is already fairly 
hot, thus necessitating the use of a greater quantity; and the 
drag incurred by taking the air aboard is high. These factors 
may be so large in some cases as to offset the hoped-for gain from 
the higher temperature. 

The influence of the flight Mach number on the specific air 
consumption is given in Fig. 3. The effect is shown for three 
design pressure ratios (5, 10, and 15) and for a single turbine- 
inlet temperature (1600 F). 

Fig. 3, as well as Fig. 2, has incorporated assumed values of 
the other important variables mentioned. In general, these are 
dependent upon the major parameters of pressure ratio, turbine 
temperature, flight altitude, and Mach number. Variations in 
their level as well as in their functional relationship with the 
major parameters will produce changes in level and in slope of 
curves of the type of Figs. 2and 3. As an example, a lowering of 
component efficiency level by 1 per cent throughout the machine 
will result in an increase in specific air consumption in the 
neighborhood of 5 per cent, but actually dependent in amount 
upon the values assigned to the other variables. 

The net thrust may be approximately doubled by use of ex- 
haust reheat. This is indicated in Fig. 4. The same values of 
final effective reheat temperature have been assumed for each 

_ design, which is roughly equivalent to burning a constant per- 
centage of the available oxygen. At constant values of turbine- 
inlet and exhaust-reheat temperatures, the higher-pressure-ratio 
engines have larger rises in temperature in the reheat burner be- 
cause the turLine-discharge temperature drops with increasing 
pressure ratio and, therefore, larger increases in thrust. The 
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The amount of thrust improvement which may be had in this 
fashion is limited by the portion of the available oxygen which 
can be utilized without depriving the metal parts of their neces- 
sary blanket of cooling air. 

There are, of course, other means of thrust augmentation, such 
as rockets, bleed and burn cycles, and water-alcohol injection, 
but we will not discuss them here. 

If the engine is to be nacelle-installed (and in many cases if 
submerged), the frontal area is of particular importance at high 
flight speeds, where the nacelle drag may amount to one half of 
the engine thrust. Fig. 5 indicates approximate values of 
nacelle drag as a function of flight Mach number. The drag is 
expressed as a percentage of the net engine thrust. 

The frontal area of the engine hinges upon two primary factors: 
The cycle state conditions; and the mass flow per unit area inside 
the diameter of the components which can be attained at a given 
level of the design art. The influence of the cycle state condi- 
tions on specific air consumption has been discussed already ; 
but there is another, influence which is demon- 
strated in Fig. 6. Here the compressor, combustion system, 
and turbine diameters are plotted against compressor pressure 
ratio for engines designed to deliver the same thrust at given 
flight conditions and turbine-inlet temperature. For this plot, 
the same component design assumptions are maintained for all 
engines. In a balanced design for a particular cycle pressure 
ratio, the component limiting in diameter is likely to be less con- 
servatively designed than the others. The necessity of fulfilling 
other requirements probably would also lead to a variation of 
design assumptions with pressure ratio, in practice. 

The relationships shown in Fig. 6 may be altered by advances 
in the design art of any or all of the components. 

All of the air entering the compressor must do so through the 
annular space immediately preceding the guide vanes, and we 
can gain some into the problei m by inspec ting 
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with little angular rotation. As the flow per unit diameter is 
raised, the annulus area must be increased in order to maintain 
these conditions, resulting in a higher stress level. The situa- 
tion is analogous to that obtaining at the compressor, but gen- 
erally brings on more alarming consequences since the materials 
in the turbine are operating under severe conditions of tempera- 
ture and stress in any successful aircraft gas turbine. 

The exhaust reheat system diameter depends upon the Mach 
number to which the fluid must be diffused to insure efficient 
combustion and low pressure loss for the degree of augmentation 
desired. The required diffusion usually can be obtained within 
the diameter of the other components. 

When the net nacelle thrust is considered, it becomes apparent 
that the engine of minimum frontal area for a given net engine 
thrust may not yield maximum nacelle thrust. At supersonic 
flight speeds, by far the major portion of the nacelle drag is 


_ wave, or pressure drag. Hence the air flow swallowed per unit 
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the flow in this region. Fig. 7 allows us to see in what manner 
the diameter required to handle a given flow may be reduced. 
Air flow is plotted against the Mach number of the flow immedi- 
ately preceding the guide vanes. The parameter is the radius 
ratio (hub diameter/tip diameter). It is evident that the two 
means at our disposal are to increase the compressor entering 
Mach number or to decrease the radius ratio. 

The first of these tends to increase the relative Mach number 
on the compressor blading of at least the first few stages, and 
thus to make it more difficult to attain a high compressor effi- 
ciency. The second goes in the direction of increasing the 
blading and disk stresses and is conducive of low pressure rise 
per stage for a given stress. 

Moreover, as the radius ratio is reduced, accessories which had 
been mounted within the cutline of the compressor hub must be, 
relocated—usually to a position in which they contribute to 
engine frontal area. 

Increasing the flow per unit area of outside diameter of the 
combustion system involves a similar situation; either its area 
must be increased or the average velocity through the chamber 
must be raised. 

The former may incur difficulty in obtaining efficient flow 
passages from the compressor to the combustion chamber and 
thence to the turbine, as well as diminish the space available for 
internal engine structure. The latter makes the achievement of 
high efficiency more difficult and tends to make the combustion 
section longer in order to accommodate a longer flame length. 

The turbine must, produce the power to drive the compressor 
with a maximum of energy left over for the jet. Furthermore, 
this energy must be in a form which may be utilized with high 
efficiency by the exhaust system. This means that the fluid 
must leave the turbine at a reasonably low ‘ok number and 


eta engine frontal area can, in itself, have a major influence on the 
i - drag. Fig. 8 discloses this effect, which must be taken into 


account if it is desired to optimize the design for a nacelle instal- 
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The length of the engine is affected predominantly by the level 
of the component design art and by the design cycle pressure 
ratio just as in the case of the engine frontal area. Improve- 
ments in the pressure ratio obtainable per stage of compression 
are reflected directly in reduced length. So also are decreases in 
combustion flame length. Similarly, if the energy which may be 
handled by a turbine stage is increased, in many cases the turbine 
may be shortened. Length, however, generally plays a secondary 
role in determination of the number of turbine stages to be used. 

Ingenuity in the mechanical design can do much toward hold- 
ing down the length as well as the diameter of the engine. 


or THE ENGINE 


The size of the engine has, of course, a prominent influence on 
the weight, although there are a large number of other significant 
factors. 

Although the engine may be designed aerodynamically for a 
particular flight-altitude condition, the stress-limited condition 
will, in general, occur at sea level. Hence this condition is ex- 
tremely important from a weight standpoint. 

Fig. 9 shows how various of the engine-design parameters vary 
with flight Mach number at sea-level conditions for a typical 
engine run at military rpm. At the same Mach number, but a 
higher altitude, the values will be lower. It is apparent from 
this plot that the higher the Mach-number limit is set, the heavier 
will be the resulting engine design. As the limiting Mach 


umber 1 is advanced, it becomes necessary to incorporate thicker 
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An engine designed structurally for a flight Mach number of 
2.0 at 50,000 ft is capable of only 0.95 on a standard day at sea 
level. An engine designed structurally for 1.0 Mach number at 
50,000 ft cannot run at military rpm at sea level on a standard 
day. 

To the extent that take-off and climb thrust may be com- 
promised, such an engine as the latter may be “‘derated’”’ at the 
lower altitudes to save weight, thst is, the allowable engine rym 
may be reduced at the lower altitudes to avoid exceeding struc- 
tural limits specified by the high-altitude condition. As a 
rough indication of the thrust sacrifice, Fig. 10 has been prepared 
for an engine which will just run at military rpm at sea level on a 
standard day. Plotted against flight Mach number are the 
allowable rpm and the net thrust, expressed as a percentage of 
that which would be available at 100 per cent rpm. This engine 
would be mechanically strong enough for 100 per cent rpm opera- 
tion at a Mach number slightly above 1.2 at 50,000 ft. 

The amount of weight which can be saved by such derating 
depends entirely on the specific engine design and application. 
If the engine is a small one, many of the metal parts already may 
be at the minimum thickness tenable for manufacturing or di- 
mensional stability reasons. It may be undesirable because of 
Reynolds-number effects to decrease blade chords if high-altitude 
specific fuel consumption is important. Shaft sizes and blade 
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chords already may be limited by vibration considerations. 
There probably also will be some weight contribution in the form 
of an automatic control to insure that the operating limits are not 
exceeded. The net weight saving thus conceivably may turn 
out to be zero, or it may be quite apprgciable. 

As in the case of the engine size, thé weight is strongly related 
to the cycle pressure ratio. The higher-pressure-ratio designs 
not only require more compressor and turbine stages but also 
demand thicker sections in the latter portion of the compressor 
casing and in the combustion and turbine casings, because of the 
increased pressure in these regions. The higher compressor- 
discharge temperatures will indicate the use of steel rather than 
light alloys in the aft section of the compressor and in the transi- 
tion section to the combustion chamber. For engines designed 
on a consistent basis, the weight, therefore, continues to rise 
indefinitely with the design pressure ratio. 

For a particular pressure ratio, the component design can 
affect the weight greatly. 

The pressure rise per stage of compression is a function pri- 
marily of the wheel speed, the fluid velocities, and the amount of 
turning of the fluid which can be accomplished. By increasing 
the last two, the number of stages necessary may be reduced and 
the weight correspondingly decreased. If this takes place at 
the expense of efficiency, however, an increase in turbine weight 
will occur since the turbine must now have more output, and less 
energy in the gases leaving the turbine results. The fuel con- 
sumption will also rise, and the additional fuel weight consumed 
during the flight may offset the engine weight saving. Increases 
of wheel speed, if they do not result in exorbitant stresses, also 
may be used to provide fewer stages. But this may not result 
in lower weight because of the marked effect of wheel speed on 
the weight of the compressor wheel disks. 

The combustion-system weight may be reduced by improving 
the space rate of heat release so that the chamber may be dimin- 
ished in size. Again, if this is done at the expense of fuel con- 
sumption, it may not result in an over-all weight saving for the 
aircraft. If it incurs a poor turbine-inlet temperature distribu- 
tion, severe mechanical difficulties can result. 

The turbine weight is dependent to a large extent upon the 
compressor design, since the compressor fixes the output and 
rpm of the turbine. Within these limits the weight is controlled 
to a high degree by factors peculiar to the particular design, such 
as the vibratory stresses. Some weight saving is generally 
effected by designing the turbine with a small amount of angular 
rotation in the discharge gases. If carried too far, this would 
result in lower exhaust-system efficiency, and therefore fuel con- 
sumption. 

Perhaps the salient influence is the ingenuity of the mechanical 
design. Highly efficient structure can make severe inroads on 
weight. Similarly, significant gains can be made by ingenious 
use of flow distributions, and so forth, by the aerodynamic de- 
signer, and by proper integration and balance of the over-all 
aerodynamic design. 

In the foregoing discussion of weight, engines designed for the 
same thrust have been assumed. Hence weight and specific 
weight (weight per pound of thrust) have been synonymous. 
Specific weight, however, tends to vary with size. If an engine 
is scaled down geometrically, the thrust decreases as the square 
of the dimension while weight decreases as the cube. Therefore 
the specific weight would decrease as the */. power of the dimen- 
sion. In practice, this will not occur. Engines cannot realisti- 
cally be scaled geometrically because of such items as minimum 
manufacturing dimensions, Reynolds-number effects, and blade- 
tip clearance effects. Actually, the specific-weight exponent for 
scaling will itself vary with engine size. At the extreme large 
sizes it should approach the geometric value of 1.5. As the size 
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is reduced, the exponent will decrease, reaching 1.0 at some rela- 
tively small size and dropping below this value as the dimensions 
are further diminished. 


ConsUMPTION 


As in the case of the specific air consumption, the specific fuel 
consumption (pounds of fuel per hour per pound of thrust) de- 
pends upon the turbine-inlet temperature, the compressor 
pressure ratio, the component efficiencies, the flight altitude and 
Mach number, the anticipated installation losses, and the com- 
pressor air required for engine use. Fig. 11 embodies assumed 
values of those variables and illustrates the variation of specific 
fuel consumption with the cycle pressure ratio and temperature 
at a Mach number of 2.0 and altitudes above the tropopause. 
Again, analogously to specific air consumption, the level of the 
values assumed for the variables as well as their assumed func- 
tional relationships will have a strong bearing on this curve and 
the succeeding one, Fig. 12, which indicates the change of specific 
fuel consumption with flight Mach number. 
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If the duration of flight at high speed is to be short, exhaust 
reheat may prove profitable. The specific fuel consumption for 
this mode of operation is shown in Fig. 13. While the specific air 
consumption has been nearly halved, the specific fuel consump- 
tion has been increased by approximately 50 per cent. An ex- 
haust-reheat engine under these conditions will produce the 
thrust of two nonreheat engines of equivalent air flow but will 
burn fuel at a rate equal to that of three such engines. At such 
high fuel rates a relatively short iad - time may suffice to 


consume a quantity of fuel equal in weight to an additional 
engine, though the required time rises appreciably as the flight 
altitude is increased. 

The engine with exhaust reheat can be profitable for flights of 
short duration. For flights of long duration, it is generally de- 
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sirable to meet the required cruising thrust in a nonreheat cycle 
at a condition other than that yielding minimum specific fuel 
consumption. The reasoning in the foregoing two cases is similar. 
As shown in Fig. 11, small sacrifices in specific fuel consumption 
can result in significant decreases in design pressure ratio and 
turbine-inlet temperature, which may result in notable weight 
and cost savings. Some of our studies have indicated that the 
design pressure ratio yielding minimum combined specific weight 
(weight of fuel plus engine per pound of thrust) may be 50 per 
cent of that giving minimum specific fuel consumption. The 
shorter the duration of flight and the higher the flight altitude, 
the more the fuel consumption can be compromised to save 
engine weight. 

The ratio of the thrust at minimum specific fuel consumption 
to that at military power may be adjusted somewhat for a specific 
engine design through manipulation of the compressor design. 
The matching of the compressor stages may be adjusted to pro- 
duce peak compressor efficiency at various rpm. This is illus- 
trated in Fig. 14. The compressor represented by curve A will 
cause the engine to have minimum specific fuel consumption at 
a lower thrust than for the same engine incorporating compressor 
B. This change in stage matching alters completely the char- 
acteristics of the compressor and hence the whole engine per- 
formance is affected markedly. In general, the higher the rpm 
at which peak comoressor efficiency occurs, the poorer will be 
the part-speed performance. Of course somewhat equivalent 
variations may be had by adjusting the speeds where the other’ 
components attain maximum efficiency. But changes in the 
compressor produce the largest effects because they influence air 
flow as well as efficiency. 

The aerodynamic design has perhaps the most important 
bearing on specific fuel consumption. Ingenuity, knowledge, 
and research must be combined to increase the level of compo- 
nent performance above the already high levels attainable today. 
The mechanical designer also can make an important contribu- 
tion by providing low running tip clearances for the compressor 
and turbine blading, avoiding obstructions in the flow path, 
keeping air-seal leakages to a minimum, and by maintaining 
good finish, angle, and contour control on the aerodynamic sur- 
faces. 

If the engine is designed for high-altitude operation, two other 
items attain high significance: Reynolds-number effects and 
combustion efficiency. 
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Fig. 15 is typical of the variation of rotor efficiency with 
Reynolds number. At medium altitudes most engines operate 
on the relatively flat portion of this curve. As the flight altitude 
rises, Reynolds number decreases, and severe losses in efficiency 
can result for the smaller engines. This may be avoided to some 
extent by increases in blade chord with suitable design modifica- 
tions. 

Combustion efficiency tends to become poor at the low-pres- 
sure levels encountered during high-altitude flight. This 
tendency may be countered somewhat by the use of higher com- 
pression and by combustion-chamber and fuel-nozzle modifica- 
tions. 

Both the combustion efficiency and Reynolds-number effects 
are improved by increasing the flight speed, thus resulting in 
higher compressor entrance pressures for a given altitude. 


CoNncLuSsION 


As we have seen, the problem of optimizing an engine design 
is an extremely complex one. In addition to the many inter- 
related variables discussed in the foregoing, manufacturing 
economy, use of strategic materials, engine maintenance, and 
overhaul time, and many similar subjects must be considered. 
In practice, an effective balance of the design must depend 
primarily upon the co-operation, experience, and abilities of the 
many persons involved. Many factors must be evaluated 
intuitively or through judgment based on experience, and no one 
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person can be expected to have at his command the necessary 
background. Much insight can be gained, however, by con- 
tinued generalizing studies which encompass many of the varia- 
bles on a consistent basis. 
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Discussion 


D. F. Warner.? This paper should prove to be of great 
interest to the aircraft-engine industry, users of the engines, 
and to those whose duty it may be to define the missions of 
future applications of the aircraft gas turbine. 

It is apparent that the versatility of application of any engine 
is becoming increasingly restricted as new aims in altitude and 
aircraft performance are specified. The bomber, fighter, 
sile, and civil requirements are even now so divergent that 
specially tailored engines are proper for each such purpose and, 
in many cases, variations of engine are properly called for to 
satisfy separate instances in each of these classes of application. 

The paper describes the factors which affect aircraft-engine 
design and performance, and attempts to establish values 
wherever possible. In many cases, at this stage of our knowl- 
edge, it is impossible to place numbers against the trend. The 
problem of establishing values is a complex one since many of 
the factors are interdependent. The paper is provocative of 
thought, however, and to the writer one of its principal virtues 
lies in the fact that the author has portrayed in a fine manner the 
field which is in great need of an accurate and continuing study. 
The paper summarizes well the knowledge available at this date. 
The aim in the continued study is, of course, to enable the future 
aircraft-engine designer quickly to translate into form and design 
the features which best meet the increasingly exacting demands 
of the services. The paper admirably presents the extent of the 
problem. 


mis- 


AvuTHOR’s CLOSURE 


Mr. Warner clearly discerns that the paper goes much further 
toward delineating problems than it does toward providing a 
solution. As he states, there is a strong tendency toward the 
design of specialized engines for each type of aircraft mission. 
If, in a highly competitive field, this tendency is carried too far, 
it can result in overdiversification of the industrial effort. It was 
not the intent of the paper to imply that an optimum engine 
should be designed for each application. In fact, comprehensive 
studies frequently indicate that only a small sacrifice is made 
by adapting a given engine to several different missions. The 
extent to which engine design should be specialized is a major 
problem which is in urgent need of comprehensive and detailed 
study. The author wishes to thank Mr. Warner for his incisive 
and kind comments. 


? Aircraft Gas Turbine Division, General Electric Company, Lynn, 


Mass. Mem. ASME. 


920 
| 
> | 
| | 
| 
| 
\ 


Review of Combustion Phenomena for ot 


Gas Turbine 


By D. G. SHEPHERD,’ ITHACA, N. Y 


Combustion-chamber design information is compara- 
tively meager except for over-all performance data from 
existing gas turbines, such as combustion intensity and 
fractional pressure loss. Some information is available 
from established practices in other fields but many new or 
intensified problems remain. However, there is a rapidly 
increasing interest in the basic mechanism of combustion 
from the viewpoint of the physical chemistry of ignition, 
flame propagation, and burning, which together with re- 
consideration of the older empirical data of a fundamen- 
tal nature shows promise of being fruitful. The purpose 
of this paper is to present a survey of some of this basic 
material as a step in helping the combustion engineer to 
correlate it with his knowledge of existing over-all per- 
formance. 


ESIGN data for combustion in gas turbines is negligible 

when compared with that available for the other major 

components, which, if conservatively designed, can be re- 
lied upon to give a performance close to that expected, whereas 
even a conventional combustion chamber requires extensive de- 
velopinent and testing under both simulated and operating con- 
ditions. Although combustion is a separate self-contained proc- 
ess with no other functions to consider, the stringent require- 
ments with respect to space, weight, and power loss, together with 
the complex chemical, physical, and aerodynamic phenomena in- 
volved, combine to render it a formidable problem. Such data as 
exist at the present time may be divided into the following groups: 


1 Meager statistical data from existing gas turbines, such as 
combustion intensity and fractional pressure loss. 

2 Information on combustion behavior in analogous circum- 
stances, e.g., in oil and gas furnaces, spark and compression- 
ignition engines. 

3 Empirical} data on general combustion phenomena, which of 
recent years are being reconsidered in the light of reaching an 
understanding of the basic mechanism of combustion by funda- 
mental] studies of the physical chemistry of ignition, flame propa- 
gation, and burning. 


It is this last group which holds the most promise for the gas- 
turbine engineer. At the present time it presents a rather un- 
wieldy mass of material which is only beginning to shed light on 
the complex problem of burning a mixture of hydrocarbons in a 
turbulent high-velocity stream of air. The combustion engineer 
is confronted with a large body of scattered information which 
often appears to be remote from the practical design of a com- 
bustor, and it is the purpose of this paper to attempt a brief sur- 
vey of some of this fundamental investigation and to correlate it 
with existing combustion-chamber performance. To the physi- 
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cists and chemists working in the fundamental field, it may seem 
premature to attempt such a correlation at this time, but the in- 
formation is already becoming indigestible to the combustion 
engineer. It is hoped that an interim review may serve to clarify 
his empirical results, to give some clues on probable behavior 
under varying conditions, and to provide him with a measure of 
control and prediction which he now so sadly lacks. 


Design ReQuirEMENTS 


A satisfactory combustion chamber must provide complete 
burning, low pressure loss, smooth combustion, freedom from de- 
posits, uniform exit temperature, ease of ignition, reliability, and 
endurance. All these qualities must be provided over a relatively 
large range of air flow, pressure, temperature, and mixture 
strength for a possible range of fuels from gas to heavy fuel oil 
and be accomplished within a structure of minimum weight and 
volume, the latter requirement at times being a major considera- 
tion. Thus gas-turbine combustion design is compounded of many 
technical skills, and the present state of development has been 


! accomplished largely by empirical means, so that the results of 


any change of operating conditions have to be met by test with 
little margin for satisfactory prediction. The combustion engi- 
neer knows that because flame speeds are low and combustion 
temperatures must be high, a primary zone must be isolated by 
means of a stabilizing baffle, and that mixing to produce the cor- 
rect final temperature must be accomplished separately. From 
then on it is a trial-and-error procedure. It is the purpose of 
fundamental research to help him in establishing design parame- 
ters and at least to show him the way to provide the most 
favorable conditions to satisfy the requirements. 

The fundamental work on the combustion mechanism is neces- 
sarily done with as few variables as possible, in order to isolate the 
effect of these variables. Thus it may appear that the mecha- 
nism of combustion of homogeneous nonturbulent mixtures or of 
pure diffusion flames is far removed from gas-turbine conditions. 
Nevertheless, at some stage in the combustor process, such condi- 
tions are established in a greater or lesser degree, and it is im- 
portant that the control of these stages be understood. Even- 
tually they will be assimilated to build up to a significant body of 
design information. Some of what appear to be the basic phenom- 
ena of importance will now be discussed. 


FLAME PROPAGATION 


The flame speed? of all combustible mixtures is low compared to 
the air-flow velociti tered ; for instance, a gasoline-air mix- 
ture has a flame speed of only 21 to 3 fps under normal conditions. 
Note that flame speed as defined in this manner is a constant of a 
particular combustible mixture at given pressure and temperature 
conditions and is independent of the particular method of burn- 
ing. With turbulence, an apparent or effective flame speed is ob- 
tained, greater by a factor of 10 or more than the basic flame speed 
which is usually measured in quiescent mixtures or in laminar 
flow. Because of the very low values of flame speed, it is neces- 
sary to introduce a stabilizing baffle to provide a region of very 


2 Flame speed = velocity of flame front in a direction perpendicular 


to its surface relative to unburned mixture = 
“burning,” “normal,” or “ignition” velocity, etc. 


“transformation,” 
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low velocity or even reverse flow in order to maintain ignition. 
The laminar flame speed is a property which is basic for an under- 
standing of the mechanism of flame propagation, and a considera- 
ble amount of attention has been paid to it. 

For gas-turbine combustion, exact values of flame speed are not 
so important as an understanding of the factors controlling them 
so that optimum conditions can be provided if possible. Mark- 
stein and Polanyi (1)* have presented a critical review of existing 
theories of flame propagation, including the older purely ther- 
mal theories and the newer theories, involving the kinetics of chain 
reactions, together with the effects of turbulence and hydrody- 
namic factors. At the present time there is no certainty as to 
whether the controlling effect is a purely thermal] one, that is, rate 
of heat conduction to the unburned mixture or a kinetic one, or 
diffusion of active atoms and radicals from the flame into the 
unburned mixture. Thus Tanford and Pease (2) have shown that 
flame speed can be represented by a product of terms, the most 
important of which is the square root of the sum of equilibrium 
free radical concentrations each multiplied by its coefficient of 
diffusion into unburned gas, hydrogen having a controlling effect 
because of its high value of diffusion coefficient. This approxi- 
mate square-root law of flame speed has predicted values suc- 
cessfully for mixtures containing H,,CO and hydrocarbons. 

The role of the diffusion of hydrogen atoms is supported by 
work of Gaydon and Wolfhard (4), although they sound a note of 
caution with respect to accepting it completely, a view which is 
supported by Townend (5) and particularly by Linnett and 
Hoare (6), who have shown that some of the same experimental 
results correlated with the square-root law also can be predicted 
successfully by a purely thermal theory. 

An important corollary of any theory is to/be able to predict 
the effect of pressure and temperature. Tanford and Pease are 
able to show that flame speed should vary inversely with the 
fourth root of the absolute pressure (approximately), but ex- 
perimental results are somewhat contradictory. There is still 
some uncertainty about the accuracy of experiments, but recent 
work of Garner, Long, and Ashforth (3) by a method believed to 
be correct to within 5 per cent, shows flame speed of certain mix- 
tures to obey an inverse cube-root relationship with pressure 
(down to 0.35 atm). Previously, others, Linnett (8), Ubbelohde 
(9), Badin, Stuart, and Pease (10), and Johnston (11) have demon- 
strated increase of flame speed with decrease of pressure, some re- 
sults showing a critical subatmospheric pressure below which 
flame speed rapidly decreases. This critical pressure may be 
connected with the important phenomenon demonstrated by 
Hubner and Wolfhard (7) that the minimum pressure at which 
combustion can be sustained at all is dependent upon the burner 
port size, resulting in the simple relation that pressure is inversely 
proportional to burner diameter. Measurements of flame speed 
by Wolfhard, et al. (4, 7), varying burner diameter according to 
this relationship, showed no change with pressure. Thus there 
may be an effect of burner diameter in some experiments, al- 
though this was tested in the work of Garner, et al. (3) with nega- 
tive result. 

In general, it would appear that pressure has a relatively small 
effect until some critical subatmospheric pressure is reached when 
the flame speed decreases sharply (but the effect of burner diame- 
ter should be noted). Such critical pressures as have been 
demonstrated are approximately 0.4 atm and thus are significant 
for gas turbines in aircraft. 

Increase of temperature is always beneficial. Johnston (11) 
has shown that the flame velocity of natural gas-air mixtures in- 
creases from peak values of 1.5 to 8.25 fps for an increase of 


* Numbers in parentheses refer to the Bibliography at the end of 
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initial temperature from 137 to 902 F. These results show that, 
roughly, flame speed is proportional] to absolute temperature, and 
Broeze (12) reports similar results for propane-air and butane-air 
mixtures over a range of temperature from 70 to 400 F although 
the rate of increase with temperature is considerably less than that 
found by Johnston. With respect to mixture strength, the peak 
flame speed (other conditions fixed) occurs at the stoichiometric 
or slightly rich air/fuel ratio, with a further shift to the rich side 
at reduced pressure, Johnston (11). 

Because different fuels have different flame speeds, there may 
be some advantage in selecting fuel to give a high value, although 
in practice the choice of fuel is likely to be quite restricted. Within 
a given range of fuel, however, it may be possible to select the 
type of base or structure, and experiments of Reynolds and Eber- 
sole (13), using the uniform flame-propagation velocity‘ in a 2.5- 
cm tube as being proportional to the true flame speed, present 
preliminary conclusions as to the effect of degree of unsaturation, 
chain !ength, and size of molecule. 

It is recognized that OH and H radicals have a marked effect 
on combustion in some cases and, therefore, the addition of water 
vapor or pure hydrogen might be expected to affect flame speed 
Data are scanty but Kapp (14) reports that in butane-air mix- 
tures, increase of water-vapor content from 0.08 to 2.6 per cent 
reduced the peak flame speed by 9 per cent. 

It was stated earlier that turbulent flame speeds were higher 
than laminar flame speeds, and Williams and Bollinger (15) in 
experiments on Bunsen flames of hydrocarbon-air mixtures note 
developed the following relationship 

Vr = 0.18 Vyd**R°** (cm/sec) 

where Vy and Vy are the turbulent and normal (laminar) flame — 
speeds, respectively, d is the port diameter in cm, and R is the 
Reynolds number. Attempts have been made to predict the ef- 
fect of turbulence on flame speed, notably Damkohler (16) and 
Shelkin (17). ‘These two papers are discussed by Markstein and 
Polanyi (1), and the experimental work of Williams and Bollinger 
shows that the conclusions are generally not valid except for the 
qualitative dependence of turbulent flame speed on laminar 
flame speed, quantitative predictions not being substantiated. 

Caldwell, et al. (18), report Bureau of Standards experiments 
showing an apparent flame speed of 30 fps and greater for pro- 
pane-air mixtures in steady flow past a simple baffle, the laminar 
flame speed being about 1.5 fps for the given mixture. Combus- 
tion of this sort is quite different from ignition of quiescent mix- 
tures and Bunsen-type flames, and is closer to actual gas-turbine 
conditions. A detailed study of this sort has been made by 
Scurlock (19) with homogeneous mixtures of propane-air and city 
gas-air in steady flow in a rectangular duct 3 in. X 1 in., using 
various stabilizers in the form of rods, 30 deg open and closed 
“gutters’’ (wedge shapes with apex upstream) and flat plates, the 
size varying from '/i. to '/; in. Tests were made at atmos- 
pheric pressure, at inlet temperatures from 30 to 70 C, and flow 
velocities from 20 to 350 fps. This investigation demonstrated 
that the increase in apparent flame speed may be ascribed to re- 
verse eddies and turbulence* and some approach to a quantitative 
analysis was made. It was also shown that approach stream tur- 
bulence is usually masked by that occurring downstream of the 
baffle. 

Ignition of quiescent mixtures in tubes produces a flame-front 

* Uniform flame speed (UFS) 

Fundamental flame speed X area of flame surface 
Cross-sectional area of flame 


* Small scale or microscopic turbulence, three-dimensional velocity 
fluctuations from the bulk velocity, not turbulence as sometimes 
used in the sense of a — mixing effect. 
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_ velocity considerably in excess of true flame speeds (cf. uniform 
__ flame speed referred to earlier) and may be considerably increased 
_ by special means. The most spectacular results are reported by 
Evans, et al. (20, 21), the latter quoting maximum flame-front 
velocities up to 1000 fps by interposing grids in the path of the 


burning gases. The effect is due to the greatly increased reaction 


_ surface and the accelerated mixing by jet effect. 
This summary of some of the existing work on flame speed 
leads to the following tentative conclusions: 


1 Increase of initia] temperature is beneficial. 

; 2 The pressure effect is uncertain but appears to be relatively 
small until a certain limiting low pressure is reached when flame 
speed may drop sharply (but note effect of port size). 

3 Type of fuel and basic structure affect flame speed, thus 
giving notice that fuels of nominally the same physical charac- 
teristics may exhibit different behavior. 

4 Atmospheric humidity and addition of water vapor affect 


flame speed but do not exert a major control. 


5 Apparent flame speeds in turbulent flow may be very much 


higher than laminar flame speeds and are related to it by port 


_ diameter and Reynolds number. 
values by special mixing effects. 
6 Initial small-scale turbulence has a minor effect. 


They may reach very high 


Srasiuiry Limits 


In steady-flow combustion, the usual limits of inflammability 
of an air-fuel mixture are dependent on the flow velocity and the 
baffle system, the main interest lying in the extent of the range 
obtained by plotting mixture strength against velocity. Quanti- 
tative results are rather meager and are somewhat dependent 
on the type of baffle system used. Most attention has been paid 
to homogeneous mixtures, and here it appears that some degree 
of correlation is being obtained. 

Extensive tests of the stability limits of homogeneous mixtures 
with a variety of baffle shapes have been made by Scurlock (19, 
19a, 19), Longwell (22, 24), and DeZubay (23). Scurlock’s tests 
were two-dimensional as the baffle extended across the full width 
of the duct with only one dimension being varied, the baffles used 
being rods, wedges, and flat plates from '/i. to '/: in. width. 
Propane-air and city gas-air mixtures were used at approximately 
atmospheric pressure and temperature, flow velocities ranging 
from 30 to 350 fps. The results showed the following: 


1 The mechanism of stabilization differs from a Bunsen flame 
in that it depends on an eddy region which supplies continuous 
ignition to fresh mixture. 

2 Correlation for the stabilizers of various shapes and sizes 
was obtained by plotting air/fuel ratio against Vso/d**, where 
Vso is the blowont limit velocity and d is the characteristic di- 
mension of the stabilizer transverse to flow. 

3 Heating the stabilizer extends the limits considerably and 
cooling narrows them. 

4 The stability limits of a given baffle are unaffected by the 
width of the duct within a range of duct width/stabilizer dimen- 
sion of about 10 to 80. 

5 The expression Vso/d°:** is a direct function of laminar 
flame speed and the difference of combustion temperature and 
initial temperature. It is also dependent on the type of fuel, but 
the magnitude of the effect is unknown. 

6 Increased intensity of initia] turbulence decreases the 
stability limits, with the effects becoming less as ratio of baffle 
diameter to the scale of the turbulence increases. 


The tests made by Longwell were with cylindrica) baffles having 


the longitudinal axis parallel to the air stream. The duct diame- 
ter was 6 in., the baffles ranged from 0.75 to 2.87 in. diam, 


the fuel used was volatile petroleum naphtha, and flow velocities 
were as high as 900 fps. The baffles were both solid and open at 
the downstream end and included a simple cone, but it was found 
that shape did not affect the results except when the downstream 
end was rounded off. Fully streamlining the trailing edge re- 
sulted in very poor operation. Longwell's results correlated well 
using Vao/d as parameter against air/fuel ratio. As given by 
him, air/fuel ratio is plotted against R/Vso where BR is the baffle 
radius, showing that above a value of R/Vso of about 20 X 10~* 
the lean limit approached a constant value of 24/1 and the rich 
limit 9/1. 

Tests with varying pressure showed that a range from 1 to 3 
atms had little effect, but a reduction to 0.2 atm reduced the 
limits, although this single result was at a velocity of 470 fps, com- 
pared with 400 fps for the higher pressures. This was for the 
2.87-in. baffle, and a larger effect at lower pressures was observed 
with the smaller baffles. At atmospheric pressure and 275 fps 
velocity, using the 0.75-in. baffle, increasing the air temperature 
from 205 to 500 F increased the lean limit progressively from 
19.5 to 22, with small effect on the rich limit. The effect of 
changing the fuel from naphtha to propylene oxide was to widen 
the limits relative to the stoichiometric mixture. In both cases 
the static-inflammability limit could be approached closely on the 
lean side at a velocity of 300 fps but blowout was at a much 
leaner mixture than the static limits on the rich side. 

DeZubay performed stability tests with flat circular plates 

‘/, to 1 in. diam. in a 2*/-in. duct, the maximum flow velocity 
being 550 fps and the fuel being commercial propane. Humidity 
and temperature (90 F + 30 F) were kept constant but the pres- 
sure was varied from 0.2 to 1 atm. Correlation of results 
fshowed that the fuel/air ratio is a function of Vao/P**d%** 
which is fair agreement with Longwell (F/A& Vpo/d). 
DeZubay also shows that Scurlock’s two-dimensional results give 
excellent agreement, since the dimension d in this case was pro- 
portional to area, and his own results can be written as fuel/air 
ratio being a function of 


Vso 
P0.95 4 0.856 


Vso 


showing a comparison of coefficients of 0.45 to 0.428. Thus there 
appears to be favorable correlation of results for stability limits in 
homogeneous mixtures. 

With heterogeneous conditions, i.e., injection of liquid-fuel 
drops or of gaseous fuel immediately at the combustion zone, 
similar stability limits are imposed, usually both rich and lean 
limits being higher than the stoichiometric. There are almost no 
systematic data available for heterogeneous conditions as the par- 
ticular injection system obviously must have a controlling ef- 
fect, and there is a great need for investigation here to see whether 
any correlation can be obtained for simple stabilizer systems akin 
to that for homogeneous mixtures. 

Lloyd (25) shows a typical stability diagram for the liquid- 
injection case, and interprets the lean limit line as one where the 
flame blows out due to sufficient heat not being brought back by 
flow reversal to ignite the entering fuel and the rich-limit line as 
one of upper inflammability limit or of pulsating combustion ex- 
citing resonance effects. The lean limit is affected adversely by 
anything which tends to lower the temperature of the flow re- 
versal (e.g., falling air entry temperature), or to raise the ignition 
temperature (e.g., falling static pressure). The former effect is 
demonstrated by the extension of the lean limit with increased 
inlet-air temperature, with little change in the rich limit. This 
is the usual] experience, though Caldweli, et al. (18) report re- 
sults from the injection of petroleum ether through numerous 
concentric ports, oe in this instance that the lean limit is 
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considerably narrowed by increase of air temperature from 50 F 
to 350 F. A possible explanation for this is given as increasing 
homogeneity at the higher temperature since the fuel was highly 
volatile. Other work too shows that often increasing hetero- 
geneity leads to increased stability, which is reasonable if it is 
considered that such a mixture will be likely to have at least one 
local zone where combustion is possible even though the over-all 
mixture strength is out of the range. 

The position with respect to stability limits may then be sum- 
marized as follows: 


1 For homogeneous mixtures, shape of baffle is unimportant, 
providing that it is not streamlined downstream. 

2 There appears to be a correlation between blowout veloc- 
ity, pressure, air/fuel ratio, and baffle size, represented by the 
expression Vgo/P*d¥ = const for homogeneous mixtures of a 
given air/fuel ratio. This relationship is unaffected by the ratio 
of duct width to baffle diameter down to a value of 10. Experi- 
mental! data to date place the value of z as 0.95, and the value of 
y between 0.86 and 1.0. 

3 For homogeneous mixtures, increase of temperature, either 
of the mixture or of the baffle itself, is helpful in extending the 
lean limit. For heterogeneous mixtures, the effect is uncertain 
but would appear to extend the lean limit considerably for the 
less volatile fuels. 

4 Pressures above atmospheric have little effect on the limits, 
but subatmospheric pressures may have a narrowing effect ap- 
proximately in direct relationship. 

5 Small-seale turbulence is unlikely to have much effect in 
gas-turbine chambers where relatively large baffles are used. 

6 There appears to be a need for data on stability limits of 
heterogeneous mixtures for simple injection systems, e.g., up- 
stream, downstream, and radial injection from single and 
multiple ports with and without plane or coned circular 
baffles. 


In actual gas-turbine combustors, stabilizers have taken a 
variety of forms but they may be divided into two classes, those 
operating on the basis of swirl and those operating with “‘con- 


trolled turbulence.” Swirling the primary air around the fuel 
spray is very common on many types of combustion apparatus as 
it provides excellent mixing conditions and good stability. The 
essence of its action appears to be the formation of a low-pressure 
core along the axis, burning gases and fresh air from downstream 
being drawn into this core and flowing in reverse direction up- 
stream to the fuel nozzle, thus providing constant ignition and 
mixing. Such a system is difficult to analyze as the effect is dis- 
tributed over the whole duct cross section and development has 
been purely empirical. 

Systems of controlled turbulence are used in which air is ad- 
mitted through a number of plane orifices, permitting a more 
controllable mixing process. Again, the air jets must form a 
pattern which causes eddies or flow reversal to obtain continuous 
ignition at or near the point of fuel injection. A large number of 
existing combustors use such a pattern of jet mixing, combined 

with downstream fuel injection. Upstream injection of the fuel 
_ may provide better stabilization than downstream injection, and 
an example of this combined with controlled turbulence is 
given by Lloyd (25) and Ashwood (26). Fuel is injected up- 
stream from a low-dispersion nozzle against the apex of a per- 
forated inner cone which supplies air to the center of the spray, 
and through the spray annulus to provide good mixing. The 
inner cone is surrounded by an outer hemispherical shell or cone 


shell being attached to a liner in one form of the combustor suited 
for a normal gas turbine 
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IGnrT1Ion TEMPERATURE 


Ignition temperature and the associated delay time or lag are of 
considerable importance, both in the primary region where 
stabilization is dependent on the continuous ignition of fresh mix- 
ture by recirculating burning or burned gases and in the succeed- 
ing combustion and mixing zones, where injudicious admixture of 
diluting air may quench or chill the reaction below the ignition 
point. There is some difficulty in establishing values of spon- 
taneous ignition temperature and delay time because so much de- 
pends on the method. The total delay time with a liquid fuel 
consists of a physical delay due to the evaporation of the droplet 
and diffusion of the vapor into air and a chemical delay time. 
The physical delay time is dependent on the rate of heat transfer 
to the fuel and the size of the fuel droplets. Chemical delay time 
is mainly dependent on the temperature and the particular fuel 
in question. It would appear possible to obtain similar total de- 
lay times with two very dissimilar fuels each having different 
physical and chemical delay times. 

The combustion of liquid drops is discussed later, but Lloyd 
(25, 27) has studied the delay time in direct fashion by spraying 
liquid fuel into a stream of air at controlled high temperatures 
(1400 F — 1800 F) and observing the distance (and hence time if 
flow rate is known) before a flame front is formed. Under these 
conditions it is shown that the logarithm of delay time is in- 
versely proportional to the absolute temperature of the air, and 
that there is very little difference between fuels over a range in- 
cluding kerosene, gas oil, and rubber solvent. The delay times at 
the temperatures given in the foregoing varied from approxi- 
mately 30 to 2 millisec. 

Results of Muller, quoted by Elliott (28) for a methylnaph- 
thalene and cetene do not show a linear relationship for log ¢ 
versus 1/7’, and Elliott interprets this as the effect of a physical 
delay and a chemical delay, each obeying the foregoing law, the 
sum of the two giving the total delay. The Muller tests were by 
injection of fuel into a bomb at temperatures ranging from about 
500 F to 1150 F, that is, much lower than those of Lloyd in the 
steady-flow experiments. A comparison of the two sets of data 
shows that those of Lloyd give very long apparent delay times 
(30 millisec at 1500 F), compared to those of Muller (30 milli- 
sec at 450 F for cetene, and at 800 F for a methylnaphthalene). 
Degree of atomization would have some effect, but Lloyd has 
shown that it does not have a controlling influence. Also the 
Muller results show a marked difference in the two fuels, where 
Lloyd’s show no great effect for a considerable range of fuels, in- 
cluding the addition of “dopes” for ignition promotion, One in- 
terpretation of the last result is that at the high temperatures 
used by Lloyd, chemical delay is insignificant, which is sup- 
ported by work on combustion of liquid drops discussed later, 
which shows that the physical delay times of most hydrocarbon 
fuels are very similar. 

These experiments were performed at atmospheric pressure, 
and it is well known that variation of pressure has a marked ef- 
fect on ignition. It is not the place here to discuss the very com- 
plex subject of reaction kinetics, and perhaps the most significant 
result is the relation given by Schmidt (29) which correlates tests 
in a bomb and in an adiabatic compression apparatus, namely 


Ae3/T 
t= 


where ¢ = delay time, T = absolute temperature, p = pressure, 
A and B are constants, and the exponent n is slightly greater than 
unity. This relation strictly holds only for a homogeneous gas 
reaction where delay times are short but is apparently valid for at 
least a limited range in a heterogeneous reaction. Further dis- 
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-. Temperature then has a controlling influence on delay time, 
; __ and the effect on the lean stability limit is readily explained. Re- 
af = duced pressure Jengthens delay time in roughly direct proportion 
(for the higher pressure range), although this effect on the lean 
— limit is not clearly apparent. At some critical low pressure (pos- 
_ sibly subatmospheric ), a considerable increase in delay time is ex- 
' a pected from a consideration of the literature of reaction kinetics, 
4 rf but the subject is too detailed for generalization. 
--—- Mullen, et al., measured ignition temperature in high-velocity 
- _ streams of combustible gas by means of electrically heated rods. 
_ Their results showed that the minimum ignition temperature 
(tig) Was obtained with stoichiometric mixtures, and that fig was 
reduced by increased initial mixture temperature, higher pressure, 
and larger rod diameter. fig was increased by greater initial 
a nit turbulence and addition of water vapor (up to 5 per cent), al- 
though ordinary atmospheric humidity caused no me ssurable 
: i variation. Different fuels showed different rates of change of tig 
‘a with velocity, hydrogen showing the lowest tig except at the very 
ar lowest velocities, contrary to static ignition tests. Location of the 
a heated area was an important factor, the downstream face of the 
rod being most effective. 
‘The relationship of ignition temperature, delay time, and the 
: 7 effect of pressure then is still somewhat uncertain and is different 
_ for various phases of the combustion process, for instance, in the 
primary zone where liquid fuel is injected and in the later zones 
_ where a gas mixture has to complete combustion. The over- 
riding importance of high temperature is established, but other 
_ factors seem to depend on the ratio of physical and chemical delay 
times. Thus, although dopes have generally been found unhelp- 
_ ful (in the controlled tests of Lloyd and other tests on complete 
_ combustion chambers), it is possible that they are not effective 
__ where physical delay is predominant but could be beneficial where 
chemical delay is a controlling factor. 
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Dirrusion FLAMES 


A diffusion flame is one in which there is no premixing of fuel 
"4 _ and air and in which combustion occurs in a thin flame front 
Co created by the interdiffusion of oxygen and fuel molecules. Ex- 
amples commonly quoted as diffusion flames are those of a candle 
pat or a Bunsen burner with no primary air. There appear to be 
three cases of diffusion flames, (a) where the fuel flows into stil] 
_ air, (b) where the fue) and air both flow but with different veloci- 
ties and (¢) the special case of (b) when air and fuel velocities are 
the same. The last case (historically the earliest analysis) has 
been studied by Burke and Schumann (32) while, more recently, 
extensive analytical and experimental studies have been made of 
flames in still air, for laminar flow by Hottel and Hawthorne (33), 
for turbulent flow by Hawthorne, Weddell, and Hoitel (34), and 
for both laminar and turbulent flow by Wohl, Gazley, and Kapp 
_ (35, 35a). Barr and Mullins (36) have developed the case for 
Me ¥ both variable air and fuel velocities, particularly studying the 
oe _ effect of reduced oxygen content of the air. While such idealized 
¥ cases of diffusion flames occur in the gas turbine only with linear 
+3 injection of a gas or vapor into the air stream, they are approached 
at some phase of the combustion process, and it is useful to have 

_ some knowledge of the controlling factors. 
_- Wohl, et al., have made an extensive study of the flames of 
city gas and butane in still air over a range of initial fuel-mixture 
_ composition from the pure fuel to the stoichiometric mixture. A 
De ae theoretical expression for flame height h based upon a diffusion 

is deduced 
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where 

Q = volume flow rate 

c, = initial mole fraction of fuel gas in primary mixture 
¢« = mole fraction of fuel in stoichiometric mixture 

K = coefficient of diffusion 


The experimental results for laminar and turbulent flow are 
given for various gas mixtures and by consideration of the nature 
of the different flames, the basic analytical expression is found to 
represent the empirical results. Thus, for 100 per cent city gas 
flames, the introduction of a variable diffusivity in terms of 
height above the burner port, and for 50 per cent city gas-air 
flames, consideration of the additional phenomenon of flame 
propagation in a homogeneous mixture allows the empirical 
expressions for laminar flow to be correlated with the analytical 
equation. For turbulent city-gas flames, the substitution of 
eddy diffusivity for molecular diffusivity has similar effect. For 
butane flames, consideration of the effects of viscosity allows 
agreement to be reached, with the conclusion, supported by ex- 
periment, that butane flames are of a laminar character even if 
the flow in the burner tube is wholly turbulent. 

For laminar flames, Hottel and Hawthorne have a somewhat 
different approach, which, however, is again based on a diffusional 
concept, and Hottel shows that there is fair agreement between 
their results and those of Wohl (see discussion following reference 
35a). Both show that flame height depends on volume flow rate 
and ratio of primary to stoichiometric air and is independent of 
burner-port diameter. For turbulent flames, however, Haw- 
thorne, et al., discard the diffusional approach for a method 
based on the mixing action of a fuel jet in ambient air, obtaining 
a relation applicable to a wide range of fuels in contrast to that of 
Woh! which requires a knowledge of a factor peculiar to a given 
mixture. Hottel again shows that both sets of results are in 
substantial agreement. Thus it may be concluded that expres- 
sions are available for calculating flame length under certain 
conditions or, perhaps more important for the combustion engi- 
neer, the main factors controlling the flame length are established, 
and a basis is available for providing optimum conditions and 
predicting behavior under other conditions. Results have not 
been given for pressures other than atmospheric but it may be 
deduced from the basic expression of Wohl that for a given 
weight rate of flow, pressure will not affect the height of a diffusion 
flame. 

Other experiments on diffusion flames have been performed by 
Barr and Mullins (36) in connection with the general problem 
of the effect of vitiated air on combustion behavior. By vitiated 
air is meant air with less oxygen than pure air, as, forinstance, when 
using exhaust gases for one purpose or another. A vitiation in- 
dex a is defined as the fractional partial pressure or volume of the 
oxygen in the air (e.g., pure air has a = 0.21). In the course of 
the work, they investigated diffusion flames of a commercial pro- 
pane-butane mixture with air, introducing the factor of variable 
air velocity. A theoretical expression is developed in terms of 
Besse] functions, with variables of air and fuel velocities V, and 
V,, radii of the inner (fuel) and outer (air) tubes, the flame 
height A, and diffusion coefficient D. By forming parameters 
Dh/V, and V,/V,, a single curve is obtained for several values of 
V, and V,. As plotted, for a given value of D = 0.013 in*/em 
sec and fixed air and fuel densities and tube dimensions, the 
parameters Dh/V, and V,/V, are transformed into h/V, and the 
fuel/air ratio,* respectively. Thus flame height can be obtained 
for a given mixture strength at a known air velocity. The effect 
of pressure can be gaged from the two parameters and, since D « 


* Note that mixture strength as used here is equivalent only to over- 
all ratio of fuel to air of the system and is not that of a homogeneous 
mixture 
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«1 /p and at constant air and fuel mass flows, V, and V,& 1/p, 


2 nor V,/V, are affected by pressure. This was 


neither 
confirmed experimentally, when A was found to be constant 
7 ne down to a pressure of about 1.3 psia, subsequently blowing off at 


lower pressures. 
The foregoing results are for pure air, and the effect of vitia- 
tion was to increase the flame height, the change being small at 


weak mixtures but increasing greatly as the stoichiometric mix- 


_ phase of the liquid-injection case. 


ture was approached. Unfortunately, it is not possible to com- 
pare the results of Barr and Mullins with those of Wohl as the 
former work was done with such small values of fuel-flow rate that 
a quantitative comparison is difficult. 
The behavior of diffusion flames is important for the case of 
gas or vapor injection and qualitatively is significant for some 
It appears as though there are 
available some data to help initial design and prediction of per- 
formance. 


ComBustTi0n oF Liguip Drops 


Very little work has been reported on the combustion process 
of an individual liquid drop although the general process for an 
atomized fuel spray has been considered for Diesel engines (see, 
for instance, the review by Elliott) (28). This is understandable in 
view of the experimental complexities, although lately it has re- 
ceived some attention. 

Probert (37) gives the results of a theoretical investigation of 
the burning of a cloud of droplets whose size distribution conforms 
to the Rosin-Rammler relation 


R = 100 e~“*/*)" 
where 
R= 


r= 


per cent by weight or volume over a certain diameter z 

size factor, a measure of the degree of atomization, e.g., 
droplet size when R = 50 per cent 

diversity factor, a measure of closeness of grading of 
droplets 


Examination of the droplet sizes produced by atomizing nozzles 
reveals that this expression is a convenient representation, as 
shown by the work of Joyce (40) in which sizes were measured by 
the technique of spraying melted wax and sieving the solidified 
particles. It is generally accepted that the rate of evaporation of 
a liquid drop is proportional to the diameter, and with this as- 
sumption, Probert shows that in the initial stages of an idealized 
combustion process, then a high diversity factor (low n) acceler- 
ates burning, but in the final stages the more uniform spray (high 
n) is more advantageous. 

Combustion of a drop is different from evaporation but the 
assumption of rate being proportional to the first power of the 
diameter appears to be validated according to initial tests re- 
ported by Godsave (38). Lloyd (27) discusses the available evi- 
dence and concludes that the burning rate of a drop is largely 
dependent on the enthalpy of the fuel to the dew point and the 
rate of heat transfer to the drop. 

Spalding (39) has developed a theory for predicting the com- 
bustion rate from the physical properties of the fuel by analogy 
with heat-transfer processes and correlated it with results of ex- 
periments in which kerosene is burned (in air of various oxygen 
contents) from the surface of a sphere, and from a vertical plate. 
Using the concept of fuel vapor and oxygen diffusing across a gas 
film to form a combustion surface between the liquid fuel and the 
air stream, an effective temperature difference is established as a 
function of the physical properties of the fuel. It is concluded 
that those properties chiefly determining the combustion rate are 

the calorific value, the latent heat of evaporation, and the specific 
a heat of the vapor, values of which do not differ greatly among 
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hydrocarbon fuels. Thus, assuming that chemical ignition delay 
is negligibly small, combustion rates for gasoline and fuel oil are 
relatively similar (for similar spray patterns), and Lloyd’s results 
on ignition delay discussed earlier are shown to have an analytical 
foundation. 

Dreyhaupt (41) has analyzed the conditions leading up to 
the ignition of a fuel droplet, giving ways of calculating the heat 
required and allowing for the variation of mixture strength at 
different distances from the surface and for the decrease of drop- 
let size as evaporation occurs. One conclusion is that if the 
droplets are too small they evaporate completely and do not 
reach ignition temperature, while for large drops there is insuffi- 
cient air for combustion, and the drops are cooled below the ig- 
nition temperature. If this reasoning is correct a certain size of 
droplet is required for ignition. This situation is akin to a re- 
mark of Boerlage and Broeze (42) anent the Diesel engine that, 
although turbulence (in the large-scale sense) may shorten the 
evaporation time, it may cool a local-mixture temperature below 
the ignition point or decrease the local-mixture strength below the 
optimum for rapid ignition. In the gas turbine of course there is 
a continual source of ignition by eddying of hot gases but, never- 
theless, such observations as the foregoing are worthy of con- 
sideration. 

In the high-temperature conditions of the primary zone of a 
combustor, it is probable that cracking of the fuel in the liquid 
or vapor phase will occur before evaporation or oxidation. This 
leads to the formation of free carbon and is particularly severe 
with the heavier fuels with a high boiling point. It is also ac- 
centuated at high air pressures as the equilibrium temperature is 
higher, the equilibrium temperature being that temperature 
when heat transfer to the liquid is zero. Lloyd (27) traces the 
experimental course of a droplet of heavy fuel during combustion, 
showing that partial evaporation is followed by internal boiling 
or decomposition with the formation of a solid honeycombed 
bubble substantially larger than the initial droplet, further heat- 
ing causing the bubble to pass through a skeleton stage of carbon. 
Even if swelling does not take place, the final stage of combustion 
occurs at a solid surface. Thus with a heavy liquid fuel the 
cenospheres familiar in solid-tuel combustion may appear. 

It is apparent that a study of the mechanism of combustion of 
a liquid drop or a cloud of drops is only now commencing, but it is 
likely to be fruitful. 


Tue Mrxinc Process 


Mixing here is considered to be the mixing of burning fuel or 
hot gases with fresh air after passing through the primary com- 
bustion zone, which, although requiring mixing action, is essen- 
tially a stabilizing zone. Up to now mixing processes have been 
developed empirically and, because the diluting air amounts to 
50-90 per cent of the total air, the problem is a major one. The 
conseq/ient pressure loss is vitally important because often it is 
the controlling loss whereas ideally the primary-zone baffle should 
be the limiting factor. 

The most favored method is mixing by jet action, exemplified 
by holes or slots in the wall of the inner combustion tube, the in- 
jected stream of air being more or less perpendicular to the gas 
stream. Swirl has been tried and found useful but does not ap- 
pear on existing types of combustor. Some mixing effect can 
be obtained by introducing the air in annular streams parallel 
to the gas flow, obtaining more efficient wall cooling at the ex- 
pense of mixing effectiveness. Other methods which have been 
tried endeavor to provide more positive mixing by leading the 
air through ducts which project into the gas stream with the 
idea of better distribution and lower pressure loss. They have 
not proved very desirable owing to the possibility of material 
failure by scaling or “burning” which is inevitable if any part of 
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the air side. A unique method was employed on the initial 
- combustion chamber for the Elliott 2000-hp experimental marine 
_ plant (43) in which the main mixing effect was produced by ad- 
mitting the air from a single duct at right angles to the chamber, 
by which means two rotationally opposed vortexes were formed 
in accordance with the hydrodynamic laws governing such a flow 
pattern. 

In nearly all combustion chambers the combustion zone is sur- 
rounded by an annulus conducting the diluting air, the latter 
An exception to this was the 
German Jumo 004 combustor which, although having the usual 
inner liner, directed the hot gases through chutes into the dilut- 
ing air which suffered a minimum change of direction. While 
this particular arrangement is not necessarily commended, the 
basic idea is worthy of consideration as it avoids having to turn 
the major part of the fluid through a large angle, and this, un- 
doubtedly, contributed to the low pressure loss of this chamber. 

The basic problem is to provide the maximum interface be- 
tween gas and air and therefore a large number of air entry holes 
or slots would seem desirable. However, a major characteristic 
of the mixing air jet must be its ability to penetrate as far as pos- 
sible into the gas stream and, for the size of combustion chamber 
usually used and for the pressure loss allowable, sufficient pene- 
tration can be obtained only by the use of relatively large holes 
which are then limited in number. 

Quantitative data on the mixing process as applied to gas- 
turbine combustors is scanty. Callaghan and Ruggeri (44) give 
the results of an experimental investigation to determine the pene- 
tration of a circular air jet directed perpendicularly to an air 
stream and give a quantitative expression for depth of penetra- 
tion at a given distance in terms of orifice diameter, and densities 
and velocities of the jet and free-stream air. An investigation of 


Fraser (45) shows that the side pressure distribution around the 
jet appears capable of turning the jet nearly to a downstream 
direction in a few diameters penetration while further penetra- 
tion appears attributable to a slow spreading of the jet due to 


turbulent mixing. Lloyd in some qualitative generalizations (25) 
states that molecular diffusion is negligible, mixing by random 
turbulence too slow, and ordered turbulence (e.g., a vortex trail 
from a cylinder) too limited in application by requiring special 
stream conditions. It is further stated that penetration and 
pressure losses of mixers are functions of the momenta of the 
two streams and that pressure losses in typical mixing devices 
have been found amenable to a complete theoretical treatment, 
but no quantitative results are given. 

In general, results on operating combustion chambers show that 
penetration is improved by placing numbers of holes in line 
rather than in a staggered arrangement or by the use of slots with 
a longitudinal axis. Maximum penetration with the lowest 
pressure loss is effected by having openings with a rounded en- 
trance and with the least general turbulence in the fluid streams. 

The problem of mixing for dilution purposes only is compli- 
cated by the requirements that part of the air is utilized as 
secondary air to complete combustion. The requirement of 
maximum penetration achieved best by large orifices is then 
opposite to that of combustion in which too much cool air at one 
point may quench the burning mixture below its ignition point, 
thus leading to unburned products. This flame-quenching or 
chilling effect is thus bound up with the ignition-temperature re- 
quirements previously discussed. 


Formation AND Asu Deposits 


Carbon formation, including deposits on the combustor walls 
and soot in the exhaust gases, has been from the first a severe prob- 
lem and one which is accentuated by the growing requirement to 
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burn heavy fuels. The easiest approach to the problem is 
through the properties of the fuel itself, and this has an unfor- 
tunate effect because the natural tendency is to restrict the fuel 
to one which gives relative freedom from carbon troubles. Thus 
the gas turbine, which is potentially capable of using all gaseous 
and liquid fuels because it is not uniquely dependent on carbu- 
ration or adiabatic compression for its combustion performance, 
may find itself limited in fuel usage. It would be unfortunate 
if carbon formation became analogous to knocking tendency as 
one of the primary qualities by which a fuel is rated. Thus the 
proportion of aromatics in the fuel is one of the primary criteria 
for aeroturbines. The accent on fuel properties is understandable 
as although something is known of the physical factors, they are 
not easy to control, and often the desiderata for minimum car- 
ben conflict with other desirable conditions for good combustion 
performance. 

Basically, the appearance of free carbon is due to the thermal 
decomposition or cracking of the fuel before oxidation, and it is 
recognized by the characteristic, luminous, opaque yellow flame as 
opposed to the nonluminous blue flame. This free carbon can be 
oxidized if conditions are suitable, but otherwise is carried out 
in the exhaust as soot or, in bad cases, deposited on the surfaces of 
the combustor. Its deleterious effect is not on combustion effi- 
ciency, which is very small, but on accumulation leading to 
blockage, overheating or turbine damage, or as undesirable 
exhaust smoke. 

Thermal decomposition in preference to oxidation is favored 
by rich mixtures and poor mixing and is therefore almost in- 
evitable to some degree with liquid injection, since, even with « 
fweak over-all mixture, there will be locally overrich zones, par- 
ticularly with poor atomization, causing large droplets. Never- 
theless, it is known that with very good atomization of a reasona- 
bly volatile fuel (kerosene) and strong turbulence, it is still 
possible to obtain a predominantly blue flame at low flow rates. 
Recent experiments of van de Putte and van den Bussche (46), as 
reported by Broeze (47), show that in a special atomizing burner 
of the rotary-cup type in which atomization and mixing had been 
developed to a maximum of homogeneity, all sufficiently volatile 
chemical types of hydrocarbons may be burned with a blue 
flame up to or even over the stoichiometric fuel/air ratio. With 
heavier fuels, carbon is bound to appear, because the deeomposi- 
tion temperature is reached before evaporation and mixing are 
complete. The studies on the combustion of fuel droplets should 
be helpful in this aspect of carbon formation, and Spalding (39) 
has drawn attention to the concept of fuel/air ratio which he con- 
siders misleading for burning in the open air where combustion 
takes place at stoichiometric proportions at the reaction front 
only. 

Good mixing so that the fuel can find sufficient oxygen in its 
immediate environment requires either premixing of vapor and 
1ir before combustion or, with liquid injection, high turbulence 
in the primary zone, together with a high degree of atomization. 
High turbulence implies a higher pressure loss, and good atomiza- 
tion requires either very high fuel pressures or special forms of 
fuel-injector design. Flame-speed and ignition qualities require 
high primary temperatures with the mixture strength near the 
stoichiometric, and these factors tend to promote carbon forma- 
tion, one of the cases of conflicting requirements. One of the 
obvious first steps in elimination of excessive carbon formation is 
the weakening of the primary zone, but this can be taken only 
to the stage where the reaction has been reduced to the point of 
unacceptably low combustion efficiencies. The second step 
might be to increase the turbulence, again to the point where 
pressure loss becomes too high. Failing these, then a redesign 
of the primary zone is necessary to provide more intimate mixing 
by means of better distribution. Basically, two types of informa- 


‘t is insuf 
| | | | 
- 
= 


TRANSACTI 


tion are required for control of carbon formation; (a) a knowl- 
edge of the factors governing the formation of free carbon, and 
(b) knowledge of conditions favorable for burning the carbon if 
formed. 

Turning to the fuel qualities which influence carbon formation, 
the important physical property is the distillation curve. This 
term is used because probably it is the proportion of high-boiling- 
point hydrocarbons which are influential, although normally it is 
practicable to classify fuels only according to one fixed point, 
e.g., final boiling point, 50 per cent evaporated temperature, etc., 
and this is the basis of most reported tests. Ebersole and 
Barnett (48) in a series of tests, using both an open cup and a 
small laboratory burner, showed that, in open-cup tests, the 
smoking tendency is more dependent on the type of hydrocarbon 
than on the boiling point or burning rate. Gibbons and Jonash 
(49) in tests on an annular combustor, reported more carbon de- 
posited with ethylbenzene (50 per cent evaporation temperature 
271 F) than with benzene (172 F), this being a typical result ob- 
tained from the examination of a large number of fuels. It is to 
be expected that the more volatile fuels would give less carbon, 
as evaporation and mixing is more likely to be complete before 
the decomposition temperature is reached but, as other fue! prop- 
erties may tend to mask the sole effect of boiling point, it is im- 
portant to single out the various characteristics. It is concluded 
from the foregoing tests that the higher the boiling point, the 
greater the tendency to carbon formation but that the effect is 
not overriding. In connection with volatility, the pressure level 
is important because increasing pressure raises the boiling point, 
and Mullins (50) has presented some comprehensive data on the 
vaporization characteristics of some gas-turbine fuels, showing 
the effect of pressure for both pure fuel and fuel mixed with vari- 
ous proportions of air. Such data are likely to be of particular 
use for vaporizing-type combustors where the dew point and heat 
required for vaporization are important quantities. 

Another physical property which enters iridirectly is the vis- 
cosity, because, other factors being equal, a fuel of higher vis- 
cosity will give poorer atomization and more carbon. Com- 
parative tests must, therefore, always take this into account, 
and heavier fuels must be preheated in order to achieve similar 
viscosities. 

Among the chemical properties which are known to affect 
carbon formation are the carbon/hydrogen ratio and the type or 
structure of hydrocarbon. It is a matter of no little difficulty to 
make decisive tests for chemical factors because so many of the 
properties are not independent. Howes and Rampton (51) 
have summarized the information on hydrocarbon gas-turbine 
fuels and correlated a number of important properties. From 
their results it is apparent that while the paraffins and naph- 
thenes show very little variation of C/H ratio, aromatics vary 
quite widely and, more important, that aromatics have consist- 
ently higher C/H ratios than either of the first two types. Thus 
it is not clear whether it is the C/H ratio or aromatic content that 
is the fundamental basis for carbon formation, and results are 
reported on both bases. 

Gibbons and Jonash explicitly recognize the relationship of 
aromaticity and C/H ratio and present a correlation of carbon- 
forming tendency in terms of volumetric average boiling tem- 
perature with C/H ratio as a parameter. To show the effect of 
these variables, the following approximate figures are taken from 
their chart. At 200 F average boiling point, the carbon formed 

< was increased by a factor of 10 in doubling the C/H ratio from 

about 6'/, to 12'/2, while at 500 F the carbon was increased a 

hundredfold in going from a C/H ratio of 5*/, to 12'/2. 

a : Lloyd (27) gives some results of combustor bench tests on 
various fuels preheated to give approximately the same viscosity 
as kerosene, which was used as a standard. Again, it is apparent 
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that carbon/hydrogen ratio has a controlling effect, the ap- 
proximate ratio of carbon deposit to that of kerosene being 2'/, 
for gas oil, 4'/: for Diesel oil, 100 for fuel oil, and very great for 
heavy fuel oil. A high-flash naptha gave 100 times as much car- 
bon as kerosene in spite of its low boiling range. 

Ebersole and Barnett (48) give confirmatory evidence, re- 
porting that the smoking tendency of a commercial kerosene was 
ubout 4 times that of the same kerosene from which the aromatics 
had been removed. In tests on a small laboratory burner it was 
found that the smoking tendency of aromatic fuels was dependent 
both on the class of hydrocarbon and the fuel/air ratio, and that 
within experimental error it was a linear function of fuel/air 
ratio. One interesting feature is that olefins gave considerably 
more smoke than cycloparaffins although both classes of fuels 
have the same C/H ratio. The results of Clarke, Hunter, and 
Garner (52) have been replotted by Lloyd (27) on the basis of 
smoking tendency versus C/H ratio, again confirming the general 
trend but, in addition, showing that the many branched molecules 
are more prone to smoke than the straight-chain type. 

A side line on the carbon-formation problem which does not 
appear to have been explored thoroughly is the effect of the 
addition of water vapor to the combustion zone. It is known that 
water vapor decreases carbon, presumably owing to the “‘water- 
gas” reaction, but no quantitative data are available. Possibly 
such large quantities of water are required that any benefit is 
nullified, although in certain applications it might be fruitful. 

The use of heavy residual fuels has raised a somewhat unex- 
pected problem in addition to the actual combustion and carbon- 
formation aspect. This is the fouling of turbine blades and heat- 
exchanger surfaces due to ash deposits. The over-all problem 
is one of erosion, corrosion, and fouling, and most gas-turbine 
users have experienced it in some degree or other, with very little 
operating data reported. Erosion does not appear to be a major 
difficulty, and Meyer (53) states that Brown-Boveri experience 
is that exhaust carbon is more troublesome than ash. Likewise, 
no corrosion has been reported, although here only long-term 
experience with a variety of fuels and blade materials can furnish 
an answer. Fouling, however, is more common, and a serious 
case has been reported by Hughes and Voysey (54) to the extent 
that a comparatively short number of hours’ running caused a 
very severe deterioration in performance. A powdery ash had 
been deposited on the rotor blades, chiefly on the convex or back © 
side, and had built up to a sufficient depth to alter the aerody- 
namic qualities of the blades. The deposit was largely water- 
soluble and was not fused on, so that it could be removed by 
water-injection or thermal shock. Subsequent tests indicated 
that sodium sulphate was predominant and that it was deposited 
from a vapor phase. The effect appeared not one of impingement 
or attachment due to centrifuga! force but due to deposit in re- 
gions of eddy motion, as, for instance, appear on the downstream 
side of a cylinder where flow reversal takes place. The tests and 
conclusions were tentative, and further experience is re- 
quired before the full nature and extent of the problem can be 
assessed. 

To summarize the carbon-formation picture, it would appear 
that the investigation of fuels has progressed to the point where 
certain over-all fuel properties having a controlling effect have 
been isolated, and fuel specifications can be formulated to mini- 
mize trouble from carbon. This can be regarded only as an in- 
terim stage, and information on the chemical behavior activating 
these effects is required in order to obtain a possible means of 
control. The investigation of the burning of liquid droplets 
eventually should throw some light on the combustion conditions 
which control the cracking process, leading to the often expressed 
hope that the gas turbine will accept any liquid fuel with minor 
modification to the apparatus. 
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LINEAR SCALE 

The effect of linear scale is a most important one for the fol- 
lowing reasons: The practicing combustion engineer is often 
called upon to design a combustor to suit an engine of the same 
general type but smaller or larger than the one for which he has 
experience, and it is of great help to him if he can give an im- 
mediate answer for a change of dimensions. Another reason is not 
so apparent but is of basic importance, because so much experi- 
mental work is being done on small-scale apparatus to facilitate 
the use of moderate air supply, and it is a question as to how 
linear scale bears on a particular result. For example, the work 
of Hubner and Wolfhard (7) and Gaydon and Wolfhard (4) 
discussed previously indicates that the absolute limit of pressure 
in sustaining combustion is dependent on the size of the appa- 
ratus. Other experience generally corroborates a deterioration or 
performance when the linear scale is reduced below a given level, 
and it is possible that some effects which are observed during the 
investigation of a particular variable may disappear when an 
operational size of unit is used. Some results may be mislead- 
ing, therefore, although such dependence on scale has the pos- 
sibility of being a very useful tool if the controlling factors are 
fully understood. There is a possibility that linear scale might 
be used to simulate a variation of pressure level, a state of affairs 
which would greatly facilitate experimental investigation. 

The effect of scale has long been recognized in combustion, in 
uniform flame speed in a tube, forexample, and in reaction kinetics 
where the ratio of volume to surface area changes with linear 
scale. Scale is implicit in some of the preceding discus- 
sion, as, for instance, the effect of pressure on flame propagation as 
quoted, the flame height /port diameter in diffusion flames and in 
the mixing of gas streams where the effects have been found to 
scale, i.e., are proportional to linear dimension. 

To discuss the problem generally, suppose a combustor is 
doubled in linear scale, with pressure and temperature levels and 
entry velocity to remain constant. Then the weight rate of air 
and fuel fiow will be quadrupled, and the combustion intensity 
or heat-release rate in Btu /(hr) (cu ft) atmosphere will be halved. 
Another useful parameter, the heat-release rate per unit cross- 
sectional area, will remain as before, as will the length /diameter 
ratio of the combustor. The pressure drop through a gas-tur- 
bine combustor is largely due to the aerodynamic losses from 
turbulence and friction and only dependent on momentum loss 
to a minor degree. The latter is constant for the conditions 
quoted, and it is not to be expected that Reynolds number would 
cause much change of orifice coefficient, so it would be antici- 
pated that the over-all pressure drop would remain constant 
with scale. Tests made some time ago by the author on three 
sizes of an operating type of combustion chamber of outside 
diameter 5.66 in., 8 in., and 11.31 in. (ratio 1:\/2:2) confirm 
this conclusion, with the possible exception of the smallest size. 
This had a slightly higher loss, which could be attr‘buted to 
Reynolds-number effect although more probably it wus due to 
dimensional tolerances which were necessarily rather wide on the 
sheef-metal construction of the particular combustor type tested. 

On the actual combustion side, it is rather difficult to make an 
assessment. Flame length scales for a diffusion flame but with 
liquid injection the picture is more complex. Even if the com- 
bustion mechanism of a cloud of droplets injected into an air 
stream were understood and it has been seen that such work is 
only in a preliminary stage, there still remains the fact that the 
atomization does not scale, at least in any simple fashion. _ It still 
remains to find a suitable parameter which expresses degree of 
atomization. There are the size and diversity factors in the 
Rosin-Rammler relation, the specific surface, Sauter mean diame- 
ter, etc., and Lloyd (25) suggests that since evaporation is pro- 
portional to diameter, then the mean diameter given by the drop- 
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let with the same diameter/volume ratio of the spray is significant. 

Although in the case cited for a doubling in scale with velocity 
constant, the air/fuel ratio and combustion intensity per unit 
cross-sectional area remain the same, the combustion intensity 
per unit volume is halved, i.e., is inversely proportional to the 
linear dimension. This is equivalent to increasing the available 
reaction time directly to the linear dimension, and it would be 
expected that with more time for combustion available, loss due 
to incomplete burning would be less. Thus, other factors being 
equal, it would appear that the smaller the combustion chamber, 
the more tendency there is to a lowered combustion efficiency. 
Final mixing becomes more difficult as size increases when using 
the conventional perpendicular jet-mixing effect, because of the 
difficulty of penetration into the core of the flame. 

Some existing combustion chambers of a given type have ap- 
peared in a variety of sizes, and thus appear to scale success- 
fully, but in nearly all cases there is some variable factor which 
does not allow any true scale relation to be established. In par- 
ticular, the variation of atomization of the liquid fuel requires em- 
pirical testing to obtain successful operation with the different 
size. 


Errect or Fue. Properties 


One of the important comprehensive questions which faces 
the combustion engineer is to estimate the effect of using a dif- 
ferent fuel in the combustor. The effect of fuel properties has 
been implicit in the discussion of some of the foregoing basic 
phenomena, but no general pattern emerges. Flame speed is a 
specific property of a particular fuel, but no correlation is ap- 
parent between the latter and the static inflammability limits 
which are another property of a fuel. The manner of fuel in- 
jection was seen to exert a considerable effect, and it appears 
that it is possible for a more “readily combustible”’ fuel by being 
too volatile to allow too homogeneous a mixture to be formed 
which has narrower limits than a poor mixture. Avcording to the 
work of Lloyd (27) and Spalding (40), physical delay time is ap- 
proximately the same for most hydrocarbons and if this is the 
overriding factor, as it may well be for liquid injection, then fuels 
may differ little in burning rate in a gas-turbine combustor. The 
biggest effect of fuel properties is on carbon formation, where 
it appears that boiling point and C/H ratio are the important 
properties. 

Examining the information on the effect of fuels in operating 
gas-turbine combustors, the evidence is that at atmospheric 
pressure and above, a wide range of fuel properties affects com- 
bustion efficiency very slightly, although heavy fuels may give 
a longer flame. Thus Lloyd, in the tests on carbon formation re- 
ferred to previously, shows that even where carbon deposit was 
excessive, the efficiency was lowered by only 1 or 2 per cent. 
Gibbons and Jonash (49) in tests on a complete jet engine for a 
very wide range of fuels of various boiling points and C/H ratio 
show that no difference in engine thrust was detectable within 
the experimental errors. 

Under adverse conditions, however, particularly at subat- 
mospheric pressure, a noticeable difference in fuels becomes ap- 
parent. Another phenomenon may appear under these condi- 
tions, that of a limiting combustion-temperature rise, separate 
from that of combustion efficiency. At given inlet-air condi- 
tions, increase of fuel flow from a low value causes an increasing 
temperature rise up to a maximum value, further addition of fuel 
causing at first no further temperature rise, and eventually a de- 
crease until the flame is extinguished. This points to a rich- 
mixture stability limit, and the more volatile fuels, which give 
higher combustion efficiency under such adverse conditions, tend 
to have a lower temperature-rise limit. Gibbons and Jonash in 
an extensive investigation showed that under subatmospheric 
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conditions, a more volatile fuel, such as gasoline, had a higher 
combustion efficiency than kerosene or Diesel oil at a given tem- 
perature rise (i.e., air/fuel ratio) up to a limiting value which was 
lowest for gasoline. At this point Diesel oil showed no rich 
limit and continued to allow operation to a higher temperature 
with increasing combustion efficiency. Since the effect is due to 
forming too rich a mixture, the state of the fuel at injection has 
a similar effect to volatility, and it was found that poorer atomi- 
zation was beneficial in extending the range of operation under 
altitude conditions, although it was detrimental under less ex- 
treme conditions. Such results as these are tied to a particular 
combustor and fuel-injection system and may not necessarily 
occur in other flow patterns. 


ComBustTor PERFORMANCE 


At the present time, little if any of the preliminary data sum- 
marized in the foregoing is capable of direct application to an 
operating gas-turbine combustor except in a qualitative manner 
As design information there exists only the knowledge that the 
air flow must be split to provide (a) a stabilizing zone where the 
flame can be anchored and a high temperature maintained, and 
(b) a secondary combustion and diluting zone where burning is 
completed and mixing to a suitably uniform temperature takes 
place. There are certain performance parameters which help 
in determining size in relation to the rate of fuel flow and to the 
allowable pressure loss, the limits having been set by past experi- 
ence, 

The combustion parameters are the heat-release rate per unit 
cross-sectional area, and the release rate per unit volume, both 
expressed per unit atmosphere of pressure. The former expresses 
the loading in terms of frontal area which is important for aero 
gas turbines, while the latter has a more general significance and 
allows comparison of various types of combustion apparatus. 
Together they imply a length/diameter ratio of combustion 
chamber, and two of these three parameters are required to 
assess the design. Pressure loss may be expressed as a fraction 
of the initial pressure, a form which gives information on the 
eyele performance from a thermodynamic aspect, and as a 
“pressure-loss factor” obtained by dividing the loss by the dy- 
namic head, based on inlet density and velocity over the total 
cross-sectional area of the combustor. The latter expression 
brings in the size of the combustor and is, therefore, an aid in 
design. Because pressure loss varies with the air/fuel ratio, 
the pressure-loss factor F is often expressed as 


pa 


q 


where Ap = total pressure loss, gq = dynamic head as defined 
previously, A and B are constants, and p; and p, are the inlet 
and outlet densities, respectively. Since Ap is usually small 
compared with the datum pressure, temperatures can be substi- 
tuted for densities with little error. The constant A expresses 
the “cold” pressure loss of the combustor and is the minimum 
loss due to friction and turbulence. 

A knowledge of the existing limits of these parameters allows 
‘the designer to estimate approximately the dimensions of a re- 
quired combustor, but he still has to relate it to combustion effi- 
ee - limits of stable operation, the type of fuel used, etc., over 
_ the operating range of air flow, pressure, initial temperature, and 
air/fuel ratio required. Apart from establishing more precise 
data for initial design than the foregoing performance factors, it 
is the requirement of research that it provide answers to the com- 
bustion behavior over the range of operating conditions, or at least 

to guide the designer to provide the optimum conditions. 
The effect of pressure and temperature is particularly important 
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design information because of the difficulty of simulating operat- 
ing conditions on the test bench, and because the wide variations 
encountered in the operating range of a gas turbine lead to some 
of the main difficulties. Owing to the extensive use of the gas 
turbine in aircraft, the effect of low pressure and temperature 
is the major interest of the present time. It was seen that some 
investigators have found that reducing pressure increases flame 
speed down to some critical value when it decreases sharply, 
whereas others have found no effect. The effect of linear scale 
and pressure has been discussed, and it is puzzling that those in- 
vestigators who did not vary size of apparatus with pressure 
found an increase of flame speed with reduced pressure whereas 
if linear scale was important, an opposite effect would have been 
expected. Reduced pressure narrows stability limits, but quan- 
titative data are meager. The effect of pressure on ignition 
temperature is small at higher pressures, (tig & 1/p", where n is 
slightly greater than unity), but at subatmospheric pressure the 
effect is specific and introduces the complex field of reaction 
kinetics. For diffusion flames, the height of the flame was found 
to be independent of pressure for a given mass-flow rate. Rate of 
heat transfer (as to a liquid droplet) is decreased by reduction 
of pressure but the equilibrium temperature is reduced which 
tends to lessen the tendency to carbon formation. 

Thus most of the fundamental properties or mechanisms tend 
to make the combustion process more difficult as the pressure 
is reduced, as those effects which are favorable are relatively 
small. The problem is now to seek out which effects are pre- 
dominant in order to provide some control measures, as the 
difficulties of high-altitude operation are limiting. Operating 
combustors are hampered by poor efficiency, instability, and blow- 
out under high-altitude conditions, and the effects on one par- 
ticular combustor have been investigated by Gibbons and 
Jonash (49). One factor which affects all liquid-spray-injection 
types is the deterioration of atomization under such conditions, 
as the reduced density leads to very low fuel pressures. Under 
extreme conditions the fuel may issue from the nozzle in barely 
atomized form, and combustion efficiency is bound to be low, 
and all results, therefore, are related to the characteristics of the 
particular fuel nozzle used. In the reference cited, the pressure 
level was reduced to 8 to 10 psia and efficiency dropped to 50 per 
cent under the worst conditions of very weak or very rich mix- 
tures, the ground-level efficiency being close to 100 per cent. 
The behavior of different fuels was discussed previously, and the 
effect of volatility and /or atomization was shown to have opposite 
effects according to whether the mixture was rich or weak. In- 
creasing velocity at otherwise constant conditions also reduces 
both combustion efficiency and maximum temperature rise, 
which is consistent with the known form of stability limits for 
simple baffles, and with the effect of reduced reaction time availa- 
ble. 

Increased initial temperature would be expected to have a 
beneficial effect on combustion efficiency in accordance with 
the general behavior of chemical reactions which conform to 
the Arrhenius equation, and increased temperature was shown 
to increase flame speed and weak stability limit, as well as to 
reduce delay. This is found to be true of combustors, especially 
for weak mixtures, but with low pressure, an increased air tem- 
perature, acting similarly to high volatility or increased atomiza- 
tion, may lead to a reduced temperature-rise limit. Gas tur- 
bines with heat exchangers, therefore, may be expected to show 
good efficiency over a wide operating range of mixture strengths. 
Where there is a requirement to burn at very high air/fuel ratios, 
it may be of advantage to arrange the combustor design so that 
the air is warmed as much as possible by convection from the 
liner before entering the combustion zone. 
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It is apparent that few conclusions can be drawn and liitle 
direct data from fundamental research applied to the combustor- 
design problem in quantitative fashion. It is hoped, however, 
that the review of the basic mechanisms being investigated will 
allow the engineer to study his particular problem in combustion 
behavior with a little more insight and give him reason to hope 
that gradually more control means will be available to him. 

With the very mechanism of flame propagation so imperfectly 
understood, it is perhaps folly to speculate on future develop- 
ments but, taking the risk, it would seem that three of the most 
fruitful fields of investigation at the present time are (a) a corre- 
lation and understanding of stability limits, (6) the mechanism of 
combustion of a liquid drop, and (c) the formation and burning 
of carbon particles. In the last decade, since gas turbines came 
into prominence, the combustion engineer has really only gained 
some knowledge on the importance of fuel atomization and, to 
some extent, its achievement and some general information on the 
effect of fuel properties. It is hoped that the next decade will 
equip him with some more positive tools and methods of design 
and control. 


Discussion 
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Discussion 


EK. A. Aticut.?’ This paper gives a complete résumé of the 
initiation and propagation of flame and, therefore, it is all the 
more remarkable that the author has made no mention of the 
nuclear theory that was formulated by Prof. H. L. Callendar 
over 25 years ago and which recently has received remarkable 
confirmation in the work of his former assistant, Mr. R. O. King, 
in the Mechanica) Engineering Laboratories at the University 
of Toronto. These researches have been published as a series 
of papers in the Canadian Jaurnal of Research and, if the 
omission is intentional, it would be very interesting to have a 
plausible explanation of the results therein~destribed. These 
include the successful operation of a variable-compression engine 
on hydrogen at a compression ratio of 10 to 1 and on coal gas at 
12 to 1 over wide ranges of mixture strength, without either 
detonation or preignition. 

The importance of nuclei in other physical and chemical opera- 
tions is well known, and King’s original experiments (made in 
open tubes and therefore analogous to turbine combustion 
chambers) revealed the fact that not only did the presence of 
nuclei reduce ignition temperatures remarkably, but these nuclei 
need not be combustible. Stone dust, metallic oxides, cement 
particles, and even water drops were all effective igniting agents. 
This theory, and the supporting evidence, convinced the writer 
many years ago of the intrinsic importance of nuclei in combus- 
tion, and when the opportunity offered, he was very glad to put the 
matter to the test in the Heat. Engines Laboratory. The De- 
fence Research Board of Canada also was sufficiently impressed 
to provide the necessary equipment and funds, so that the matter 
could be investigated thoroughly. The results have more than 
fulfilled the original expectations. In practice, the nuclei may 
consist of liquid drops, carbon particles from the fuel, or foreign 
matter; in each case they lower ignition temperatures and speed 
up the combustion process. With their aid, an engine receiving 
fuel in the ordinary way from a carburetor has been run for days 
without the use of a spark plug. 

These effects are important in all combustion processes, wher- 
ever they may take place, and it would seem that many precon- 
ceived notions on the propagation of flames will require considera- 
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ble revision in the light of the new evidence that has been, and 
is still being collected. 


B. A. Lanpry.* Everyone concerned with the fundamental 
approach to high-intensity combustion will be grateful to the 
author for the extensive critical review of the literature presented 
in this paper. The following remarks, suggested by a number of 
men of the Battelle staff engaged in combustion research, are 
presented not in criticism, but to round out some of the material 
presented in this paper. 

Flame Propagation. P. F. Kurz: Whereas Tanford and 
Pease (2) obtained a straight-line correlation for the flame speed of 
hydrogen when plotted against the concentration of atomic hy- 
drogen, closer examination of the data shows that a double-value 
relation should have been plotted depending on whether the 
fuel/air ratio was on the rich or on the lean side; in other words, 
for the same concentration of hydrogen atoms, there are two pos- 
sible values of flame speed depending on the value of the fuel/air 
ratio. The same observation applies to the relations of flame 
speed to hydroxyl concentration, whereas Tanford and Pease 
came to the conclusion that no correlation existed, for the now 
obvious reason that the spread in flame speed is higher, in this 
instance, for equal values of concentration. 

A. A. Putnam and R. A. Jensen: Regarding the minimum 
pressure at which combustion can be sustained and the inverse 
relation of pressure to burner diameter, this can be predicted by 
dimensional analysis if it is assumed that pressure and thermal 
diffusivity are two of the important factors in the combustion 
process. Here, as elsewhere in the study of combustion phenom- 
ena, it is of great value to study the dimensionless groups asso- 
ciated with a phenomenon and to make a correlation in terms 
of these dimensionless groups. This method was used to ad- 
vantage in the paper by Putnam and Jensen.’ For the data given 
by Wolfhard and the Westinghouse Laboratory, the critical 
pressure for any given tube diameter can be predicted from a 
dimensionless correlation of flash back, quenching, and blow- 
off points. It should be noted that quenching refers to extinction 
of the flame when convective heat losses are greater than the heat 
supply, whereas in Bunsen blowoff, there is also a diffusion effect 
which alters the air/fuel ratio. 

Stability Limits. A. A. Putnam: Scurlock’s correlation fac- 
tor for blowoff from various stabilizers does not appear to be 
dimensionally correct and should be re-examined to make it pos- 
sible to use the results obtained to correlate data for other experi- 
mental apparatus. The effect of heating a stabilizer in a gas 
stream is open to question; we have found that intense heating of 
a disk flame holder failed to change the blowoff limits obtained 
without heating. 

Lloyd's observation of pulsating combustion at rich blowoff is 
a result probably associated primarily with apparatus design. 
Our observations show that pulsation can occur anywhere in the 
combustible range of sir /fuel ratios. 

R. A. Jensen: We cannot agree with the conclusion reached in 
the paper that, for homogeneous mixtures, the shape of flame 
holder is unimportant, provided that it is not streamlined down- 
stream. Blowoff limits are markedly different for hollow and 
solid hemispheres, and for disks and solid cones with the apex 
upstream. 


Combustion of Liquid Drops, C. C. Miesse: With reference 
* Supervisor, Fuels Research Division, 
tute, Columbus, Ohio. Mem. ASME. 
*“Applications of Dimensicnless Numbers to Flash-Back and 
Other Combustion Phenomena,” by A. A. Putnam and R. A. Jensen, 
Third Symposium on Combustion, Flame and Explosion Phenomena, 
Williams and Wilkins Company, Baltimore, Md., 1949, pp. 89- 
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to the Rosin-Rammler equation, the characteristic size factor z 
corresponds to an R-value of 37 per cent rather than to R = 50 
per cent as stated in the paper. It can be shown by logarithm 
derivation that the Rosin-Rammler equation is not sufficiently 
flexible to represent all possible sets of droplet-size distributions. 
Instances have been found where the relation holds over a small 
range of sizes only and cannot be extrapolated beyond this range. 

Linear Scale. C.C. Miesse: The effect of linear scale prefera- 
bly should be studied from the standpoint of dynamic similitude, 
since changes in linear scale bring about corresponding changes in 
ambient pressure, temperature, etc. A noteworthy reference on 
the subject is Neihouse and Pepoon.'® 

Carbon Formation. B. A. Landry: Carbon formation is re- 
lated to fuel properties in the sense that as boiling point increases, 
ignition temperature decreases and also the temperature de- 
creases at which thermal cracking becomes appreciable. Hence, 
with increase in boiling temperatures, the temperature interval 
to ignition becomes narrower and the time available shorter for 
the process of mixing air with the vapors. Thus ignition tem- 
perature may be reached in the relative absence of air and thermal 
cracking follows. Therefore avoidance of carbon formation 
would seem to depend primarily on improved mixing. 


W. T. Otson."" This is indeed an excellent review of funda- 
mental information on combustion phenomena pertinent to the 
design of a high-heat-release system, such as a gas-turbine com- 
bustor. It is always helpful to have a summary of key references 
to a research field, together with a discerning résumé of the prin- 
cipal conclusions from each reference. 

It is clear that scientists and engineers attempting the prac- 
tical and effective utilization of combustion have a difficult prob- 
lem in arriving at quantitative design rules. The interrelations 
of the chemical, physical, and aerodynamic phenomena are suffi- 
ciently complicated to preclude an early or easy solution to 
this problem, as the author points out. Quantitative correlation 
of fundamental data with combustor performance is barely be- 
ginning to appear. However, results of fundamental and em- 
pirical studies such as those reviewed by the author do provide 
a basis and background, and an understanding, of the more ap- 
plied work of the combustion engineer. New ideas and improve- 
ments may have to be based on this understanding rather than 
on quantitative correlation. 

The author has described more combustor-performance char- 
acteristics in his paper than he implies exist in his introduction. 
Actually, instead of ‘‘very meager statistical data from existing 
gas turbines, such as combustion intensity and fractional pres- 
sure loss,’’ there are quite extensive data on gas-turbine combustor 
performance, especially for aircraft turbojet combustors. Ad- 
mittedly, most of these data are unavailable, yet a number of 
references'? quite clearly depict the nature of the combustion 
problems encountered in present systems for turbojets. 

_ With regard to flame propagation, G. L. Dugger,'* has shown 


“Dynamic Similitude Between a Model and Full-Scale Body for 
Model Investigation at Full-Scale Mach Number,”’ by Anshal I. 
Neihouse and Phillip W. Pepoon, NACA Technical Note No. 2062. 

" Chief, Fuels and Combustion Research Division, NACA Lewis 
Flight Propulsion Laboratory, Cleveland, Ohio. 

12“Combustion and Combustion Equipment for Aero Gas Tur- 
bines,” by E. A. Watson and J. 8. Clarke, Journal of the Institute of 
Fuel, vol. 21, October, 1947, pp. 2-34. 

“Effect of Combustor-Inlet C on Performance of an 
Annular Turbojet Combustor,” by J. H. Childs, R. J. McCafferty, 
and O. W. Surine, NACA Technical Report No. 881, 1947 (formerly 
NACA Technical Report 1357). 

“Some Aspects of Turbojet Combustion,” by A. J. Nerad, Aero 
Engineering Review, vol. 8, December, 1949, pp. 24-26 and 88. 

13 “Effect of Initial Mixture Temperature on Flame Speeds and 
Blow-Off Limits of Propane—Air Flames,” by G. L. Dugger, NACA 
TN 2170, August, 1950. 
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the effect of initial temperature 7's, on the flame speed - a mixture 
to be of the form 


7,49 xP (—E/RT,) 
(T, — To)* 


where 7, is flame temperature, and £ is activation energy. 

With regard to “stability limits,”’ the well-known narrowing of 
the inflammability limits of static, homogeneous combustible mix- 
tures by reduced pressure should be pointed out. 

With regard to “ignition temperature,” it may be significant to 
note that according to D. T. A. Townend, L. L. Cohen, and M. R. 
Mandlekar,'* the temperature required to ignite homogeneous 
hydrocarbon-air mixtures increases quite suddenly at about 
1/4 to 1/3 atm. This is roughly the pressure range where com- 
bustion efficiency deteriorates in aircraft gas turbines. 

With regard to “combustor performance,” a chart has been 
prepared by I. I. Pinkel and Harold Shames,"* from which the 
total-pressure-loss ratio together with the pressure-loss ratio due 
to drag and the momentum pressure-loss ratio comprising it 
can be estimated for known values of the combustor-inlet weight 
flow, temperature, and pressure, and the combustor-outlet tem- 
perature. Also with regard to combustor performance, in addi- 
tion to the effect of reduced pressure on ignition temperature, on 
rate of heat transfer to droplets, and on fuel flow cited, it should 
be pointed out that reduced pressure also provides coarser atomi- 
zation by virtue of less dense air to break up the injected fuel 

[sheet, decreases aerodynamic mixing processes (lower Reynolds 
number), and increases ‘quenching distance.”’ * 

Under the heading “Di ”, the author has certainly listed 
three major fields in which more knowledge is desired. If it is not 
already implicit in the suggested research on stability limits, the 
genera! problem of understanding and control of the major gas- 
flow patterns, or gross swirls, or turbulence, in a combustor is 
cited. This problem, in contrast with research on fundamental 
flame speed, is not receiving attention commensurate with its 
importance. 


AvvHor’'s CLosuRE 


The author need only make a very general reply to the dis- 
cussion, as it was the object of the paper to stimulate such com- 
ments and to draw forth observations on additional material. 
The paper represented the views of only one individual and the 
comments of the discussers add appreciably to its value. 

With respect to the remarks of Professor Allcut, the work of 
King on the nuclear theory of ignition was by no means over- 
looked, but was felt to lie in the region of chemical kinetics which 
was too involved for the scope of the paper. However, it intro- 
duces a notable new field of investigation and Professor Allcut’s 
remarks are welcomed as bringing up the matter for attention. 

Thanks are due to Mr. Landry and co-workers at Battelle for 
their detailed analysis of several topics, which amend or extend 
the author’s statements. The comments with respect to dimen- 


4 “The Influence of Pressure on the Spontaneous Ignition of In- 


flammable Gas-Air Mixtures,” by D. T. A. Townend, L. L. Cohen, 
and M. R. Mandlekar, Proceedings of the Royal Society of London, 
vol. 146, series A, August 1, 1934, pp. 113-129. 

16 “ Analysis of Jet-Propulsion Engine Combustion-Chamber Pres- 
sure Losses,” by I. I. Pinkel and Harold Shames, NACA Techni- 
cal 880, 1947 (formerly NACA TN 1180). 

1¢ “Ignition of Explosive Gas Mixtures by Electric Sparks. III. 
Minimum Ignition Energies and Quenching Distances of Mixtures 
of Hydrocarbons and Ether With Oxygen and Inert Gases,” by 
M. V. Blanc, P. G. Guest, Guenther von Elbe, and Bernard Lewis, 
Third Symposium on Combustion and Flame and Explosion Phe- 
nomena, Williams & Wilkins Company, Baltimore, Md., 1949, pp. 
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sional analysis and dynamic similitude are very apposite as this 
is a phase of the subject which appears overdue for investigation 
: _ view of the success of such studies in other fields. The com- 
ments on stability limits show very clearly the need for more 
data, and a detailed review on this single topic would be welcome. 
Mr. Olson has performed a service in pointing out additional 
material and giving further references. Again it should be said 
that the material on actual combustor performance has not been 
overlooked as it is the point of departure for anyone interested in 
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the field, but that this paper is an attempt to give the back- 
ground for some of the results and remaining problems cited in 
those papers. Mr. Olson's suggestion of a more intensive study 
of the gas-flow pattern as opposed to the present emphasis on 
flame speed deserves particular attention, as with so many prob- 
lems to be solved, the first step is to limit the field by asking the 
right questions. Agreement among interested parties in selec- 
tion of the most important problems could have a very desirable 
focusing effect. 
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By C. L 


In contrast with the era when the railroad-car tread 
brake was adequate for all demands, the car brake of today 
must meet increases in speed of 33 per cent, axle load 25 
per cent, inertia load 100 per cent, including 50 per cent 
overload, and deceleration 100 per cent. The advent of the 
“disk brake’’ has made it possible to meet these drastic 
requirements. This paper deals with the 
considerations as well as the practical application of the 


disk brake to modern railroad practice. 

deceleration rates, require railroad brakes of tremendous 

capacity. Not only must the brake meet these demands, 

but it must do so without incurring thermal damage 
tive of high maintenance or responsible for hazardous operation 
particularly likely under the higher decelerations at the higher 
speeds, as well as under the prolonged applications on descending 
grade. Beyond this, today’s standards for behavior are far more 
exacting. The brake at all times must be controllable, quiet, and 
smooth in operation. 

Whereas the tread brake satisfied yesterday’s demands, 
day’s requirements have so grown that a new type of brake has 
been found necessary. Crest speeds have climbed from 75 to 100 
mph. 

Curiously enough, whereas the trend has been toward light- 
weight construction, heavy axle loads of 40,000 lb are found in 
today’s operations. The reasons for this paradox are numerous. 

The replacement of the six-wheel truck by the four-wheel truck 
usually has resulted in increasing the axle load, despite a reduc- 
tion in over-all car weight. Modern demands on air condition- 
ing, with its heavier equipment, batteries, double sash, and ducts, 
have added markedly to weight. Advanced styling, calling for 
luxurious accommodations and appointments, usually results in 
additional weight. However, the largest load augment imposed 
upon the brake is not so traceable to change in axle load per se, 
as to the overload, resulting from the now underbraking of the 
locomotive and other cars of lower performance. Such increase 
can readily amount to 60,000 Ib per axle, or 50 per cent over the 
axle load. 

The overload diminishes to zero as all brakes in the train, in- 
cluding the locomotive, approach the same retarding force per 
unit wheel load. Thus, formerly when the car performance lay 
closer to the low level of the locomotive brake, the differential 
and therefore the overload, were not so consequential. 

Beyond increase in speed and load, deceleration rates whic 
may now be employed are 100 per cent greater than what was 
This advance has been made possible by the 
advent of the wheel controller—as afforded by the Budd ‘“‘Rolo- 
kron,”’ the Westinghouse’’ Decelostat,” and the American Brake 
Shoe wheel controller. By so preventing wheel slide, decelera- 
tion rates can be raised with impunity. In addition, improve- 
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1 Executive Engineer, and Assistant to Vice-President, The Budd 
Company. Mem. ASME. 

Paper presented before the Railroad Division of Tue American 
Society or Mecuanicat St. Louis, Mo., June 20, 1950. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
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ments in sanding, as developed by the New York Air Brake Com- 
pany, and others, have resulted in providing higher adhesions 
when required. Thus, summing up the task presented to today’s 
car brake, the speed has increased 33 per cent, the axle load 25 
per cent, the inertia load (including 50 per cent overload) 100 per 
cent, and the deceleration 100 per cent. 

Since power is the product of torque and speed, and torque in 
turn varies directly with deceleration and axle load, it follows that 
the peak power output of the modern brake must be 3 times that 
of its predecessor, Of equal if not greater import, the energy 
which the new brake is called upon to dissipate amounts also to 3 
times that previously encountered, since work varies directly with 
the inertia load and square of the speed. 

The advent of the disk brake® has made it possible to meet these 
drastic requirements and accordingly to make capital of the 
higher performance permitted by the greater effective 
now 
concurrent. 


adhesion 
obtainable. It was timely that both developments were 
Fully to enjoy the greater capacity residual in the 
brake, restrictions from adhesion had to be raised; and, con- 
versely, to utilize these higher limits, greater performance was 
necessary. Thus exch was dependent upon the other to effect 
the end result. 

Although to date little progress has been made with the locomo- 
tive brake in developing maximum retardation, as permitted by 
adhesion, tremendous strides have been made in its holding eapac- 
ity on grades—thanks to the advent of the dynamic brake in 
combination with Diesel-electric power. By reversing the loco- 
motive torque which hauls the train on ascending grade, a brake of 
equal capacity obtains for holding the train on descending grade. 
Accordingly, the mechanical brake is virtually relieved of all 
holding duty. It is to be noted, however, that this type of brake 
contributes little to the peak-power output required at high 
speed—where deceleration counts most —due to its limited torque 
capacity. For example, ignoring train resistance, a locomotive 
with 5000 hp at rail can haul a 1500-ton train (including locomo- 
tive) on an ascending 2 per cent grade at 31 mph, or with the same 
horsepower for braking, it can hold the same train at the 
same speed when descending the grade. 

However, assuming sufficient locomotive adhesion to retard the 
same train at 3 mphps, the locomotive would have to dissipate 
110,000 peak horsepower at 100 mph, or over 20 times the con- 
tinuous power required on grade. In terms of torque, such a de- 
celeration would require 7 times the torque needed in the grade 
illustration. 

EFFECTIVENESS 

When introducing the disk brake into train operation, no yard- 
stick appeared to exist for measuring the proportionality between 
output and wheel load in a manner that the counterpart, braking 
ratio, defined input proportionality. As long as one type of 
brake with similar behavior was employed, braking ratio, com- 
bined with experience, furnished a general index of performance. 
However, the mixing of different characteristics occasioned by 
the advent of the disk brake necessitated the establishment of a 
proportionate measurement of output. 

From the standpoint of the brake, torque or retarding force de- 
scribes its task. However, the performance or deccleration a re- 


* This brake, manufactured by the author’s company, will be re- 
ferred to as ‘‘disk brake’ throughout the paper. 
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TRANSACTIONS 


sulting pi ee depends upon the | mass M acted upon by the 
retarding force F 


a=F/M 


(Since the inertia of the revolving wheel-and-axle assembly is rela- 
tively small, it may be disregarded. ) 

Under independent deceleration, mass equals wheel load W 
divided by gravity g, so that 


a =(F/W)g 


Thus the ratio of retarding force divided by wheel load desig- 
nates the independent performance of the brake, and, accord- 
ingly, may be regarded as the factor of “effectiveness” e. 

Since effectiveness is a numerical ratio, it may be expressed in 
per cent. 

It so happens that the adhesion necessary for a retarding force 
F and a wheel load W is 


m= F/W =e 


Thus a given per cent effectiveness requires or utilizes a like per 
cent adhesion, so that effectiveness and ‘“working’’ adhesion are 
numerically the same. Accordingly, the maximum effectiveness 
possible equals the maximum adhesion available. 

Similarly, if we ignore train resistance, the force F required to 
hold a given wheel load W at constant velocity on a grade G is 


F=WG 
e=F/W =¢ 


Thus the per cent effectiveness required is also equal numerically 
to the per cent grade. Effectiveness may be expressed in terms 
of the independent deceleration which it becomes when multiply- 
ing by gravity. Thus the “free car deceleration” is that which 
would result if a car with brakes of common effectiveness were 
dissociated from the train. 


a=e 
TRAIN 
For smooth operation of a train, it is desirable that the effective- 
ness, or independent deceleration produced by each brake, be 
common throughout the consist. This relation is likewise nec- 
essary if the maximum adhesion available is to be utilized com- 


pletely at each and all wheels—a prerequisite for maximum re- 
tardation. Accordingly 


F =eW = kW 


where e = k. Consequently, for common effectiveness, the re- 
tarding force must be directly proportional to wheel load. In a 
train, the effectiveness may be different for the various classes of 
brakes present. Thus, with a mixed consist of car disk brake, car 
clasp brake, and locomotive clasp brake, the net train effective- 
ness becomes 


W, 


+e,W, 


W, 

W, 

where the subscripts ¢, d, L, and ¢ refer, respectively, to car clasp 
brake, car disk brake, locomotive clasp brake, and tr: ain. 

In terms of train and independent decelerations 
W, 

W, 


W, 
W, 


+ a4 
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Thus the resulting Rare deceleration equals the sum of the prod- 
ucts of the independent decelerations and the corresponding 


weight ratios. 


BrakinG Ratio AND EFFEcTIVENESS 
Since retarding force F varies directly with shoe pressure P and 
coefficient of brake friction f, with n shoes, brake radius r, and 
wheel radius R 


nPfr 


Effectiveness expressed in like terms becomes — 


ur 
7 ( R ) ( / ) 

For a given class of brakes, such as the car clasp, car disk, or 
locomotive clasp, n, r, and R are usually constant. Conse- 
quently, the ratio P/W, which is established arbitrarily, deter- 
mines the effectiveness within the range of friction which obtains. 

Braking ratio is commonly expressed in per cent for a given 
brake-cylinder pressure Thus a common emergency 
braking ratio is 150 per cent at 100 psi bep. This means that the 
ratio of the total shoe pressure nP—when n designates the num- 
ber of shoes, and P the pressure per shoe—over the wheel load W 
is 1.50 when the bep is 100 psi, or 0.015 psi per lb bep. Actually 
the true braking ratio } is a constant, independent of the brake- 
cylinder pressure, so that the common use of the term “per cent 
braking” refers to the product bp. By definition 


P 
Ww 


(bep). 


bp 


pW 


The relation between the effectiveness ¢ and the braking ratio b 
becomes 


With the clasp brake r = R, so that 
Tere 


e= Spb 
Aarts. 


It will be observed that the vitiies ratio 6 determines the per- 
formance ¢ only for a given f. Although f may vary greatly with 
different types of brakes and within any given class, if the propor- 
tionate change remains the same, then the effectiveness remains 
common. Thus, whereas the resulting deceleration rate 
vary, uniformity in behavior between cars may still prevail. 


may 


Disk-Brakk AND CLasp-BRAKE CHARACTERISTICS 


The disk brake is individual in that its coefficient of friction re- 
mains extraordinarily constant throughout the entire speed 
range, being independent of shoe load, inertia load, and speed, 
within the limits encountered. The reason for this is first attrib- 
utal to the frictional properties of the composition lining em- 
ployed, in combination with the cast-iron disk, which remain con- 
stant within a given temperature range. Also, by virtue of the 
disk-brake design, critical temperatures are not exceeded in per- 
forming the duty assigned. This constancy is shown in Fig. 1 for 
deceleration. 

Because of such constant friction, the effectiveness can be con- 
trolled accurately by brake-cylinder pressure p for the range cor- 
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DyYNAMOMETER Curves 


(Comparison of clasp and disk railroad brakes 19,000-lb inertia load, 36-in-diam wheel.) 


responding to the true braking ratiobemployed. With b, f,r, and 


R constant 
e=kp 


Thus, not only is the effectiveness from car to car the same, but 
the resulting car-train deceleration remains directly proportional 
to control pressure at all times. Accordingly, smooth perform- 
ance results because of uniformity of behavior and accuracy in 
control. 

The ability to so regulate and therefore limit effectiveness ac- 
curately, makes possible setting the effectiveness of each brake 
close to adhesion limits, thereby obtaining the maximum quota 
from all brakes—a condition necessary for maximum over-all re- 
tardation 

In contradistinction, clasp-brake friction varies inversely with 
rubbing velocity and surface temperature. In a given train oper- 
ation, rubbing velocity remains common to all clasp brakes so that 
whatever the variation in friction attributal to velocity, it likewise 
remains coramon. It is largely this situation which makes pos- 
sible multiple operation in the face of widely varying friction. 

On the other hand, surface temperatures do not necessarily vary 
alike, being a function of shoe pressure and inertia load which 
may each differ widely in a given train consist. 

With a constant braking ratio, the shoe pressure varies as the 
wheel load, so that proportionately greater power is developed by 
the brakes with heavy wheel loads, resulting in a more rapid gen- 
eration of heat and temperature. 

Owing to the lower friction incident to the higher temperatures 
at the heavier-loade d wheels, the eBoctivenns | is reduced and, ac- 
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Fic. DynaMometrer Torque Curves 


(Clasp brakes 250 per cent; speed-governor emergency stops.) 


cordingly, the over-all train deceleration. Thus uniformity of 
behavior is effected by train consist so that common braking ratio 
does not insure common effectiveness. 

Moreover, considering the train deceleration as a whole, the 
difference in aggregate wheel load from one train to another brings 
about differences in operating temperatures and, therefore, 
frictions at like speeds. Accordingly, a fixed schedule of speed- 
governor control which corrects for speed alone is not universally 
applicable, due to differences in thermal conditions. 
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Moreover, the status of heat accumulated preceding the en- 
trance to a given speed bracket may alter the conditions of tem- 
perature markedly in the given bracket and, therefore, the extent 
of correction required. Examples are shown in Figs. 2, 3, and 4. 
For this reason the adequacy of speed-governor control varies 
with train consist, which is likely to be unpredictable. Notwith- 
standing, speed-governor control is highly beneficial and necessary 
for braking ratios of the order of 250 per cent. 

The saving grace lies in the fact that in the high-speed bracket, 
where temperature is most significant, the range in effectiveness 
lies below adhesion and, conversely, at low speed, wherein the ef- 


(mMPHPS) 
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fectiveness may easily exceed adhesion, temperature becomes sub- 
ordinate to the effect of speed, to which the controller is tuned. 


EMERGENCY AND SERVICE EFFECTIVENESS 


FREE CAR  DECELERATION 


Brake capacity, adhesion, and passenger reaction may limit the 
selection of maximum braking ratio independently. The passen- no 2 & 
ger can withstand a deceleration of 3 mphps without undue dis- 
comfort, and 4 mphps for the oecasional emergency demand. The INITIAL APPLICATION TO _ ZERO 
disk-braked General Pershing, of the Burlington Railroad, oper- Nc. 3 Deceveration Versus Speep ror Ciasp Witnour 
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Fic. 2. Torque CHaracteristics or Clasp AND Disk Brakes as AFrecrep BY Speep anp Point or INITIATION OF APPLICATION 
(Clasp-brake ratio = 250-100 per cent; as regulated by speed governor; disk-brake effectiveness = 3 mphps.) a 


200% BR 
65-40 MPH 


(MPHPS ) 


BRAKE EFFECTIVENESS 
FREE CAR DECELERATION 


~ 


IONS OF THE ASME - 
4 
| 
3 
: 
DISC BRAKE AT 3-MPHPS— | 
| 
or 10 20, » 60 70 
iE Loab, AND BrakinG Ratio on CLasp-Brake Errectiveness 


BRAKING 


of 2.8 mphps. This is particularly true if the retardation is 
smooth, as experienced with the disk brake, and if the rate change 
of deceleration upon application does not exceed 1 mphpsps. 
Since adhesion cannot support higher deceleration rates, passen- 
ger reaction may be dismissed as a critical factor. 

With the disk brake it is possible to develop sufficient torque to 
utilize at all times the adhesion available, so that adhesion be- 
comes the final limitation for effectiveness. The clasp brake, on 
the other hand, falls short in utilizing available adhesion at high 
speed (where deceleration is most effective on stopping distance ) 
due to its thermal limitations. Consequently, at high speed, 
brake capacity is the limitation. At low speed the clasp-brake 
effectiveness can easily surpass adhesion due to its peak friction 
characteristics at low speed, so in this speed bracket adhesion be- 
comes critical. 

Due to the determinable and relatively constant coefficient of 
friction f of the disk brake, and the fact that the sole limitation for 
maximum effectiveness e’ is adhesion m, the braking ratio 5 for 
highest emergency performance may be determined directly by 
equating e’ to m and employing maximum brake-cylinder pressure 

pF/\r 

Such a procedure would be difficult with the clasp brake owing 
to its extreme variations in friction. Here, experience over years 
of wide ranges of operation has made it possible to arrive at an op- 
timum braking ratio. When 250 per cent is employed, in order to 
boost high-speed deficiency in torque, the brake-cylinder pressure 
is reduced through speed-governor control to compensate for the 
increase in friction attending reduction in speed. The higher 
shoe pressures resulting thereby, together with the high speed at 
which they occur, has resulted in accentuating the inherent ther- 
mal limitations of the brake. Beyond this, the loss in shoe fric- 
tion because of the higher temperatures tends to offset the gain 
from higher pressure, so that the end improvement in stopping 
distance is limited. Accordingly, the earlier adopted 150 per cent 
braking ratio—without need of speed-governor control—is still 
favored in many quarters. 

The true braking ratio b is a fixed quantity, established solely 
on the basis of maximum conditions of emergency application. 
The ceiling of the service range is purely an arbitrary matter. It 
may be assigned to any percentage of emergency desired, by so 
limiting the brake-cylinder pressure p. 

The basis for establishing maximum service effectiveness dif- 
fers fundamentally from that for emergency; here it is not a mat- 
ter of what is physically possible but rather what is economically 
prudent. The gains in schedule from higher decelerations must 
be pitted against penalties in cost. However, with adequate 
brake capacity, maintenance is little affected within the limits of 
nonsanded rail, so that full utilization of this level of adhesion can 
be made. Toemploy higher effectiveness would entail intolerable 
use of sand and/or excessive operation of the wheel protector, 
which, though justifiable in emergency would not be warrantable 
for service. 

REPRESENTATIVE ADHESION 

Since adhesion is finally the critical factor in determining maxi- 
mum effectiveness, it is necessary that the value selected for 
braking ratio should be representative of conditions encountered. 
If the selection is unduly low, maximum retardation suffers and, if 
unsupportable, excessive slip occurs, resulting in longer stopping 
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distances, owing to interruption, or requiring an inordinate use of 
sand. 

Because prevailing adhesions vary over a wide range, reducing 
representation to a single absolute value becomes a matter of com- 
promise. 

To adopt a braking ratio based upon minimum adhesions ex- 
perienced would curtail retardation intolerably. Consequently, 
selection must be based upon deliberately countenancing a certain 
per cent of nonsupport from adhesions encountered. Fortu- 
nately, the preponderance of prevailing adhesions lies well above 
minimum values so that penalties from slip can well be condoned 
for the higher decelerations more commonly possible. Moreover, 
with wheel protection, wheel slide is prohibited, slip resulting in 
causing interruption only. Since such interruption in applica- 
tion can be virtually eliminated by recourse to sand—within lim- 
its of sanded-rail adhesion——penalties from such slip become insig- 
nificant. However, unduly frequent use of sand is to be avoided 
because of demands upon limited supply and possible adverse 
effect upon signals. 

It so happens that sand restores the adhesion of wet or poor rail 
to approximately that of good dry nonsanded rail. Conse- 


quently, if a braking ratio is employed which seldom requires sand 
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with dry rail, sanding for the most part will be confined to the 
_ more infrequently encountered poor rail. 

In an effort quantitatively to determine the range of adhesions 
that may be encountered, tests were conducted by the author’s 
company, with the assistance of the Pennsylvania Railroad, in 
August, 1949. The true adhesion is approximately 10 per cent 
greater than the effective adhesion when the free-car deceleration 
is 3 mphps, due to weight transfer. 

In the present discussion treatment of adhesion refers to the ef- 
fective adhesion unless otherwise stated. 

Values obtained in the adhesion tests referred to are plotted 
in Figs. 5, 6, 7, 8, in the form of histograms and probability 
curves. 

The results obtained are as follows: 


(a) 70 per cent of dry-rail adhesions lie between 12 and 20 per 
cent, averaging 16 per cent. 

(b) 70 per cent of the wet-rail adhesions lie between 4 and 10 
per cent, averaging 7 per cent. 

(c) Sanding wet rail restores adhesion to nearly dry-rail values, 
or approximately 13 per cent. 

(d) Sanding dry rail can raise adhesion to 20 per cent. 

(e) No perceptible difference was found between range of adhe- 
sion values obtained with disk brakes, and clasp brakes, indicating 
thereby that the wiping effect of the tread shoe is inconsequential. 


Experience over the past 10 years with mainliners on the Bur- 
lington, Santa Fe, and Milwaukee railroads confirm the foregoing 
findings. 

With wheel protection only (without sand), successful opera- 
tion has obtained with braking ratios providing a maximum ef- 
fectiveness of 14 per cent, or a free-car deceleration of 3 mphps. 
Virtually all disk brakes now operating produce this effectiveness 
in emergency. 

In breakaway tests on the Milwaukee Railroad conducted in 
May, 1947, the disk-braked free car was stopped from 96 mph in 
2220 ft without sand; and from 97 mph in 1961 ft with sand. 
In the test with nonsanded rail, an effectiveness of 15 per cent was 
reached without slip occurring, proving that an adhesion of equal 
or greater value was present. With sand, a deceleration of 4.2 
mphps was reached without slip, indicating the presence of 19 per 


cent adhesion. 
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Fic. 5 Resvutts or Disk-Brake Dry-Rait Tests 
(Speed range, 10 to 90 mph; 196 total tests.) 


ABOVE ANY ADHESION LEVEL 


8 8 
SION LEVEL 
& & 


AVERAGE ADHESION = [2.76% 

| 


IN EACH ADHESION RANGE 


NUMBER OF TESTS 


$ 8 


6 


6 8 
PERCENTAGE OF TESTS AT ANY ADHE 


: 
2 


ADHESION % 


Fic. 6 or CLasp-Braxe Dry-Rait Tests 
(Speed range, 10-90 mph; 31 total tests.) "a atid esha 
The inertia load ZL is the mass M which the brake retards, 
multiplied by gravity g 


Consequently, with such single-car operation, the wheel load is 
the inertia load. 


bo My In train operation, however, with cars and locomotive of dif- 


It may be regarded as the mass equivalent necessary for a given 
torque 7’, and wheel radius F to produce the net deceleration a re- 
sulting—ignoring inertia of the rotating elements. Thus 


F 


_ where F = retarding force. 
In single-car operation in which the effectiveness F/W is the 


same for each brake, the deceleration is that resulting from the re- 
_ tarding force F, acting on the mass W/g 


ferent ratios of effectiveness, the resulting train deceleration or ef- 
fectiveness is not necessarily the same as that of a given individual 
brake. If the individual effectiveness is higher than that of 
the train, then the brake suffers from the lower deceleration of the 
train to the extent of the greater inertia load which results from 
the given torque producing the lower deceleration. Thus, with 
a given torque or retarding force, the deceleration may be greater 
or less than that which occurs when the inertia load equals the 
wheel load. The difference denotes the amount of overload or 
underload, or the difference between the inertia load-and wheel 
load. 

An extreme example is found in a car with sticking brakes. 
The aggregate torque of the individual car could be of an order to 
produce high independent deceleration—were the car free of the 
train—despite the imperceptible deceleration of the train result- 
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Fic. 8 or Crasp-Brake Wet-Rait Tests, [NcLupinc Rain, Dew, anv ArtirictaL WETTING 
(Speed range, 10 to 90 mph; 222 total tests.) 


ing therefrom. Here the inertia load becomes the weight of the It will be observed that the provision of relatively higher ef- 
entire train, divided by the number of brakes sticking, assuming _fectiveness imposes an additive work duty upon the brake, 
equal effectiveness. thereby penalizing it for its superior performance. Thus the disk 

The relation between the inertia load L, and the wheel load W, brake, in developing and maintaining maximum torque at high 
for a given brake producing a retarding force F, or an independ- speed, is subjected to an overload when associated with the clasp 
ent deceleration a, under a train deceleration a,, becomes, on di- brake of lower effectiveness in this speed bracket. Note that this 
viding Lby W overload occurs when power is maximum, thereby imposing the 


PF drastic effect from load. 

0) + (w 0) The ratio of the individual effectiveness to that of the train is 

Pz likely to vary throughout a given deceleration, either because of 

(e: ae eee, individual change in torque of the particular brake, or change in 
train deceleration as affected by other brakes in the consist. 

where e and e, represent the corresponding effectiveness ratios. Therefore the inertia load is a variable, depending upon the rela- 

Thus the inertia load equals the wheel load multiplied by the _ tive instantaneous behavior of all brakes in the train. 
ratio of the effectiveness or independent deceleration of the indi- In the Twin Cities Zephyr, car weight approximates 500 tons 
vidual brake over that for the train. and locomotive 325 tons. The maximum high-speed decelera- 
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tion approximates 2.4 mphps; 3 mphps for cars and 1.6 mphps for 


locomotive 
a, =: = 
825 825 
With W = 20,000 
L =~ 20,000 = 25,000 It 


Duty 


The crux of high-speed braking is one of thermal duty. Fun- 
damentally, a brake is an engine in reverse cycle with complete 
irreversibility. Instead of converting heat into mechanical en- 
ergy, the duty of the brake is to absorb the kinetic energy of the 
train and, subsequently, to dissipate it through heat, without in- 
curring at any time deleterious temperatures. It is this tempera- 
ture proviso that determines capacity. 

Under high rates of conversion, or power, heat must be re- 
moved from the operating surfaces extremely rapidly lest disas- 
trous temperature climb should ensue. Because of the limited 
operating areas, coupled with the relatively low coefficients of ra- 
diation and convection, these two avenues offer little escape 

Virtually all of the heat developed must be transmitted into the 
walls of the brake by conduction and at a rate sufficiently parallel- 
ing that of its generation through friction so as to prevent undue 
surface temperature rise. Thereafter, when more time is availa- 
ble, final dissipation into the atmosphere may proceed through 
the slower paths of radiation and convection. 

Hence an added duty of the brake is to serve as an accumulator 
in storing the heat temporarily which at once cannot be dissi- 
pated. For example, in one stop from 100 mph the disk brake 
can convert 7,000,000 ft-lb of energy into heat within an elapsed 
time of 20 sec without incurring deleterious surface temperatures. 
Yet the time required to dissipate the 9000 Btu generated and 
subsequently stored in the disk amounts to 6 to 8 min. 

This tremendous difference between transient and steady-state 
capacity of a brake is well demonstrated in a comparison between 
deceleration and drag performance. The 1000 peak horsepower, 
which can be developed with the disk brake under rapid decelera- 


tion, reduces to 75 hp when continuous, as occasioned in drag. 
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Under steady state, accumulator assistance must be discounted, 
since the work or heat generated throughout the prolonged period 
of application easily can exceed the reservoir capacity of the 
brake. Therefore, under drag, the brake becomes a nonstop path 
for heat, traveling from operating surface to discharge areas in a 
steady-state process. 

Thus in drag the rate of heat generation, or power, is limited 
by the dissipation capacity of the brake, for here equilibrium is 
reached wherein heat leaves as fast as it enters. The peak of the 
temperature gradient incident thereto should not exceed 600 F 
lest lining ‘‘dusting”’ result. 

Under deceleration, peak surface temperature results from con- 
duction capacity rather than radiation and convection, which 
latter are of secondary concern. The chief problem is one of con- 
duction. 

For given entrance conditions from surface to interior, the 
maximum surface temperatures reached depend upon two fac- 
tors—the rate of climb and its duration or length. Because under 
deceleration, the speed, and therefore power, decrease, the rate of 
surface temperature rise likewise diminishes. It is readily seen 
from Fig. 9 that this change in slope of the temperature curve, to- 
gether with the initial slope, determines the height of the crest. 
The angle of the slope may be regarded as an index of power, the 
temperature rising more abruptly the higher the power output. 
Under high deceleration the power drops quickly so that the tem- 
perature curve bends rapidly from the initial slope. Hence the 
crest is attained quickly at a low level. Thus with high power 
derived from high torque but low inertia load, maximum tem- 
peratures may be moderate. However, if the inertia load is like- 
wise high, then for the same torque the high bracket of power per- 
sists for a longer period because of the slower reduction in ve- 
locity. 

Consequently, temperature climb proceeds for a longer period 
at high rate and at a less diminishing slope. Accordingly, the 
crest occurs at a higher temperature. Thus, for a given power 
output, inertia load determines peak temperatures to the extent 
that it prolongs maximum power. 

Note that the brake relieves itself by its own capacity to reduce 
speed rapidly. It is this relief in power which the brake depends 
upon in meeting demands. Take from it this inherent character- 
istic, and its tremendous peak capacity vanishes. 
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than the total energy oi the entire stop. 
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the modern railroad brake huge power demands are re- 
quired because of high speed, and with high braking torques due 
to heavy wheel loads. An appreciably higher inertia load— 


> 


brought about by overload—causes an already abrupt tempera- 


ture ascent to so continue longer, thereby reaching higher ceilings. 
Thus the inertia load significantly affects power capacity, which 
accounts for the important role that train consist plays by virtue 
of its effect on overload. 

Note that, whereas the wheel load determines maximum power 
(for a given effectiveness and speed), the inertia load determines 
its duration. Hence 1 is the amount of energy converted in 
the maximum powe* rauge, which is the significant factor, rather 


Referring to Figs. 9, 10, and 11, because of the low power de- 
mands upon drag, the temperature rise is slow. However, be- 
cause of the infinitely long application, critical limits can be 
reached finally if equilibrium does not develop prior thereto. In 
this case the inertia load becomes infinite under infinite duration 


_ of power, so that the bend in the temperature curve from initial 


slope is the result of dissipation rather than reduction in speed. 
Heat Per ENGAGING SURFACE 


Consider the single-shoe drum brake, Fig. 12, of radius R, and 
width w, with a shoe arcuate length of R@, and assume a torque 


WHEEL DIA 36° 


SPEED 100 MPH 
DECEL RATE 333 MPH/S.- 


WHEEL LOAD 19,000 


CURVE “A’— TEMP OF LEADING EDGE OF SHOE 
CURVE “B°— TEMP OF TRAILING EDGE OF SHOE 
CURVE TEMP DIFFERENCE (B-A 


Fie. 10 =Disk-Brake Dynamomerer Test 52-X 


(Speed 100 mph; wheel diameter 36 in.; wheel load 19,000 Ib; deceleration 
rate 3.33 mphps.) 


Fie. 11 Comparative Temperature Rist on Grape Between 
Ciasp Brake ano Disk Brake 
h; 2.5 per cent grade; 


HIGH-SPEED BRAKING 


output of 7. The total heat W generated between the engaging 
surfaces of shoe and drum in one revolution is 


W = 2rT 


and the horsepower developed at n revolutions per second (rps) is 

If the energy absorbed per square inch of shoe surface is W,, 
with shoe area A,, the energy absorbed by the shoe surface per 
revolution is W,A,). Similarly, if the energy absorbed per 
square inch of drum surface is W4, with drum area A,, the energy 
absorbed by the drum surface per revolution is W,4,. The sum 
must equal the total energy developed 


Fie. 12) Sincie-SHoe Daum Brake 


Since all square inches of the shoe surface are continually en- 
gaged with the drum, if K,(277') represents the portion of total 
heat which is absorbed by the shoe in one revolution, then the 
heat absorbed per square inch of shoe surface W, becomes 


_ 


Ww 
ROw 


and the horsepower per square inch of shoe surface is 
550 ROw 


As the drum makes one revolution, each square inch of drum 
surface passes under the shoe and in so doing absorbs its propor- 
tionate share of the total heat absorbed by the entire drum sur- 
face. Consequently, if A247’) represents the portion of heat 
absorbed by the drum, the heat per square inch becomes 


 K,T 


2r7Rw Rw 


T) 
550 ROw 


Note that the division of heat which goes to the drum surface film 
K,(27T) and the remainder which goes to the shoe surface 
film K,(247)) is dependent upon a number of parameters such as 
the respective instantaneous temperature gradients of shoe and 
drum, their relative conductivities and masses. Accordingly, 
K, and K, may vary continually th 
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With the disk brake, K, = 1 virtually, owing to the insulating 


Properties of the shoe. 


__ It is important to point out that due to action and reaction, the 


_ friction force per unit area on the shoe is equal and opposite 


_ to the friction force per unit area on the drum, and the work 


developed is the natural friction force times the relative displace- 
ment between the two surfaces. Therefore the work and power 
developed by the brake through friction is localized along the 
shoe surface for both drum and shoe. Hence the absorption of 


heat is continuous along the surface of the shoe, but intermittent 


per revolution for the surface of the drum, heat being trans- 


mitted to the drum surface only when passing under the shoe. 


It will be observed that the power per square inch for both shoe 
and drum varies inversely as shoe length, so that maximum unit 
power occurs for each, when the shoe length is minimum. Whereas 
the shoe stands only to lose by a reduction in its length, the longer 
rest period afforded each square inch of drum surface more than 
compensates for the higher unit power. 

With the disk brake, the shoe area is 40 sq in. per face, or 80 sq 
in. per double face. Assuming uniform pressure distribution, and 
discounting the differences in unit radii and unit arcuate lengths, 
the average power per square inch generated between the rubbing 
surfaces amounts to 12.5 hp, or '/s X 1000 hp. Such power is 
developed when an inertia load of 25,000 lb is retarded at ‘8.3 
mphps at 100 mph-—-a condition commonly encountered with the 
disk brake. 


3.3 X 25,000 x 100 


Hp = 
P 21.9 X 375 


= 1000 


Therefore heat is generated on each square inch of the engaging 
surfaces at the rate of 9 Btu per sq in. per sec, which gives some 
idea of the tremendous rate at which heat must be removed. 


Heat Removat From OperatinG SURFACE 


With a short shoe of high conductivity, the continuous genera- 
tion of heat on its surface of limited area, causes an uninterrupted 
rise in filament temperature. The gradient thereby resulting 
produces an inrush of heat, which because of the relatively small 
mass for storage and limited area for dissipation, overtaxes the 
restricted accumulator capacity of the shoe. Accordingly, sur- 
face temperatures pyramid. Thus the shoe represents a poor 
thermal conveyer, accumulator, and dissipator. 

Conversely, the rotating member of the brake—be it wheel, 
drum, or disk-——is inherently far better suited to receive heat. 

Primarily a much larger gateway for heat entrance is afforded 
through its relatively large operating area. Then too, its mass is 
likely to be more than 10 times that of the shoe, thereby -provid- 
ing correspondingly better storage capacity. Finally, because oi 
the ability to provide large areas exposed to high-velocity air 
streams—made possibly by rotation—the ability to discharge 
heat into the atmosphere through radiation and convection is 
greatly enhanced. Because of these conditions, it follows that 
operating surface temperatures are held to a minimum by divert- 
ing maximum thermal flow into the better-qualified rotating mem- 
ber. This is accomplished effectively by employing in the shoe a 
highly insulating material—such as the asbestos-composition 
lining of the disk krake. Here, virtually none of the heat, gener- 
ated in a 100-mph stop enters the shoe, as evidenced by the fact 
that the shoe can be readily handled directly thereafter. In- 
stead, it is directed into the disk. 

Assuming that full recourse has been taken to employ maxi- 
mum permissible operating area, the temperature head incident to 
penetration still may result in excessive operating surface tem- 


v7 i peratures. 


Although some assistanc e may be gained from increasing mass 


and thereby lowering the level of the gradient, including the peak 
at operating surface, cost and weight become limiting factors in 
this direction. Moreover, whereas mass improves accumulator 
capacity, the very lowering of exit temperatures reduces the 
temperature head between discharge surface and atmosphere, 
thereby restricting final dissipation. This limitation is felt in 
drag applications, and those wherein repetition is frequent. 

The most effective manner in preventing excessive climb in 
surface temperature is to employ a short length of shoe, in com- 
bination with one of insulating material. 

Since the rate of unit work is maximum, the temperature rise 
during the work cycle is likewise maximum. This temperature 
head, magnified by the increased work rate, accelerates thermal 
flow into the disk or drum during the rest period directly follow- 
ing, resulting in a huge drop in filament temperature. As shown 
in Fig. 10, this drop amounts to 400-500 F in the early stages 
of a high-speed application where maximum difference obtains 
between entrance and exit temperatures. Also note that this 
drop occurs in less than 50 millisec with a 90-deg shoe at a speed of 
100 mph. (The work period is only a matter of 16 millisec.) Ac- 
cordingly, as an increment area again passes under the shoe, the 
“recommencement” temperature being so reduced, does not climb 
to excessive heights during the following work cycles (see Fig. 13). 

Although the recommencement temperatures, and, accordingly, 
the shoe exit temperatures, successively rise during the period of 
high power output, the fact that such quantities of heat are in- 
jected into the interior during the rest cycle, prevents the exit 
temperatures—maximum in the cycle—from reaching critical 
limits. Where the work cycle is continuous throughout the revo- 
lution, as in the clutch type of circular shoe, the temperature rise 
per revolution is low and so likewise is the head. Accordingly, 
thermal flow is relatively slow, causing the heat to dam up at the 
operating surface and pyramid the uninterrupted rise in surface 
temperature, thereby reaching higher ceilings, which readily may 
exceed critical limits. 

It will be observed that as the higher surface temperatures are 
reached, the gradient is more shallow so that the head benefit of 
peak filament temperatures is not present as in the case of the 
short shoe. It may be regarded that with the short shoe the op- 
erating surface of the disk is “inoculated” with temperature to 
prevent reaching excessive degrees. This premature temperature 
head serves as a “thermal pump” to hasten heat flow. 

In the early development of the disk brake, a study was made 
of the effect of shoe length. It was found that with the fully 
wrapped shoe, 60 mph was the highest speed at application that 
could be endured before producing ‘‘fire bands,’’ or incandescent 
filament temperatures on the disk operating surfaces. With the 
short shoe, it was possible to begin application at 100 mph without 
incurring such deleterious temperatures. Thus, by virtue of the 
short shoe, the energy capacity was increased threefold. 

Although the short shoe increases the lining work and power 
(inversely with length), the fact that the disk-filament tempera- 
tures are so greatly reduced, more than offsets the greater lining 
duty. The shoe does not wear by abrasion as much as it ‘dusts 
off”’ or melts away by temperature, so that temperature may eas- 
ily be a more determining factor on wear than pressure. 

It has been observed with a given disk brake, that the lining 
wear with a 120-deg shoe is no greater than with the circular shoe 
employing 3 times the amount of lining. 


Way rue Disk Brake? 


From the outset of the brake development beginning in 1937, 
the following fundamental creeds were laid down by the author 
and have so remained: 


1 First it was segneded that the brake should be removed 
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from the wheel, leaving the wheel free to serve its chief and vital 
function of load carrying, without hazard from thermal damage 
and wear from brake shoe. Moreover, by unshackling the brake 
from restrictions inherent to the wheel, the resulting freedom in 
design and selection of material made possible optimum choice in- 
dividual solely to braking considerations. 

2 The combination of a shoe with composition lining, largely 
of asbestos, mating with a cast-iron operating surface on the rotat- 
ing member. This stipulation was borrowed from automotive 
experience. After years of trial and error, the industry has set- 
tled universaily on this combination. The reasons are basic and 
may be enumerated as follows: 

(a) The wearing properties of cast iron are excellent. Unlike 
steel, it is not likely to gall or score—maintaining a smooth satin- 
like surface—particularly if suitable lining is employed. This is 
substantiated by the fact that disks are still operating after 10 
years of service or 3,000,000 miles. 

The chief shortcoming of cast iron as a braking surface is its vul- 
nerability to thermal checking, traceable no doubt to its inherent 
lack of ductility. Under temperature gradients expansion is re- 
stricted by the colder surrounding areas and, therefore, the heated 
areas plastically upset. Upon cooling they endeavor to return to 
the now reduced dimensions of the cold state but are restricted in 
so doing by the same surrounding media that originally produced 
the hot contraction. 

Since the reverse cycle takes place at lower temperatures, and 
the resulting extension is likely to exceed elastic limits, the mate- 
rial is called upon to shear cold plastically. Accordingly, ductil- 
ity becomes a requisite in averting thermal checking. However, 
the lack of ductility of cast iron may be offset by mechanical de- 
sign—in providing adequate conditions for thermal flow and 
thereby avert excessively steep temperature gradients. 

Note that heat checks do not result, from temperature alone, 
but rather from a differential in temperature. For this reason 
heat checks seldom occur in drag applications. Though apprecia- 
ble temperatures may be reached, because of the low power in- 
volved, the disk is heated relatively uniformly throughout. Ac- 
cordingly, peak gradients, conducive to checking, are absent. 

(b) The composition lining, in combination with cast iron, pos- 
sesses excellent wearing properties as evidenced by the 90,000- 
mile lining life obtained with the California Zephyr, which repre- 

sents one of the ‘Most, if not the most, -ourme! beahhe ope rations 


Temperature Versus Revo.utions, SHowinc 
or Lenots on Temperature Per Square or Disk SurFace 


in the world. Here again, however, 
it is necessary through mechanical de- 
sign to prevent the development of 
excessive temperatures. Characteris- 
tically, the resins in virtually all com- 
position-asbestos linings begin to vola- 
tilize over 600 F, resulting in rapid 
wear due to “dusting.” Accordingly, 
when the application is sufficiently long 
to allow heat to penetrate into the lin- 
ing, maximum temperatures must be 
controlled correspondingly. 

Fortunately, where the application 
is sustained, the power is low. Con- 
versely, where the duration is short, 
higher temperatures can be condoned 
due to their momentary presence. 

(c) The application is completely 
silent and smooth at all times, thereby 
conspicuously enhancing the much 
sought for passenger favor. 

(d) Within proper temperature limits 
(possible to maintain), the coefficient 
of friction remains virtually constant 
atall times. This characteristic is of vital importance to multiple- 
ear control, particularly where each brake must skirt closely to, 
but not exceed, imposed boundaries, such as those of adhesion. 
It also provides for smooth and accurate train-handling with 
minimum effort. 


Having established at the outset that the brake should be re- 
moved from the wheel, the form or type of brake remained tobe de- 
termined. After investigating the drum, the clutch-type disk, and 
the shoe disk, it was decided to adopt the last with the following 
considerations applying: 


__] = REST 
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1 Because of the high efficiency necessary to handle such 
enormous power within the space, cost, and weight limits im- 
posed, uniform bearing pressure was paramount. It was essen- 
tial to distribute the work uniformly over the operating surface, 
and thereby avoid peak overloads. The disk, unlike the drum, 
being sensibly impervious to mechanical and thermal distortion, 
is admirably suited to meet this requirement. It is interesting to 
note, however, that because of the severity of the imposed de- 
mands, it was necessary to resort to measures beyond that en- 
joyed from the disk form solely. 

2 Owing to the fact that the disk may expand diametrically as 
much as !/s in. when hot, it was necessary to provide a partially 
flexible mount to avoid undue restraint upon the cast-iron ring, 
which might otherwise fracture under thermal stress. This was 
accomplished by casting the iron ring integrally with a deep- 
dished low-carbon-steel tapered stamping, in turn attached to the 
wheel hub. By virtue of its shape, section, and analysis, this 
stamping provides the necessary flexibility and toughness re- 
quired. Absence of this important provision constitutes the 
chief cause of failure in European attempts with the disk form of 
brake. 

3 Actually, the disk face does not remain planar when heated, 
but assumes a slightly conical form of both convex and concave 
contour. Although microscopic, this departure was sufficient to 
alter uniformity of bearing pressure to the extent of producing 
fire bands—the forerunner of heat checks. To accommodate this 
change, the lining was divided into independent segments backed 
by rubber pads. Each segment was thus free to float and thereby 
to follow the instantaneous contour of the disk. This one step 
made it possible to increase the ina given from 
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16,000 Ib to 24,000 Ib—or 50 per cent—without incurring fire 
bands, which designate critical limits. 

; 4 By virtue of the double operating faces of the disk, it is 
possible to provide 700 sq in. for heat conduction as against 400 
sq in. of wheel-tread area. 

5 Inherently, the disk form lends itself to the inclusion of in- 
tegrally cast radial vanes, located between the operating surfaces, 
which may serve as impellers to produce air flow. Thus the 
enormous exposed area embracing some 7000 sq in., as against 
2200 sq in, with the wheel, enjoys direct contact with the air 
stream, thereby enhancing convection, which is the chief path of 

It is interesting to 


likewise 100 mph. 

This feature of the disk, in so benefiting dissipation, makes it 
7 possible to hold a 20,000-lb wheel load at a constant velocity of 35 
_— when descending a 3 per cent grade. The application may 
be sustained indefinitely. At the end of approximately 20 min 
equilibrium is reached at a noninjurious temperature of 600 F, 
which remains at this level thereafter as long as the application 

continues. 

6 Perhaps least obvious, but of greatest consequence certainly 
to deceleration, is the singular ability of the disk to accommodate 
the single short shoe so vital to conduction. With a pair of free- 
floating shoes, acting against each other through the disk, no ex- 
ternal reactions are introduced, vet each shoe acts singly with re- 
spect to the operating face upon which it bears. 

Only the disk provides this opportunity. With the drum or 
wheel brake the bearing is called upon to take the shoe reaction. 
Moreover, whereas single short-shoe operation is preserved per 
face, the disk brake in its entirety enjoys the area advantages of a 
pair of shoes. 


Sravrus 

With the disk brake in combination with the wheel protector 
and sanding, as controlled by the protector, a sustained decelera- 
tion of 4 mphps from 100 mph with wheel loads of 20,000 Ib has 
been accomplished. Moreover, such emergency performance 
produces no damage to shoe or disk. 

The corresponding theoretical stopping distance of 1840 ft, 
based upon instantaneous attainment of bep, has been closely 
approached with free car operation, utilizing 6 seconds for attain- 
ment of full brake-cylinder pressure (2080 ft from 100 mph as 
interpolated from 97 mph). 

It now remains to obtain such performance with the train as a 
whole. 

To do so, requires the following: 


1 Adequate car-brake capacity of constant friction. 
2 Adequate locomotive-brake capacity of constant friction. 
3 Wheel control on both cars and locomotive. 
4 Sand regulated by wheel control on both cars and locomo- 
tive. 
5 


Electropneumatic straight air control with full brake-cylin- 
7 oat der pressure attained in 2 sec. 
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Except for the locomotive brake, equipment to satisfy the fore- 
going requirements is available and in use in varying combina- 
tions. 

Since no one locomotive-hauled train includes all, full capital is 
not as yet realized. 

The California Zephyr represents a high degree of advanced 
steps to be found in one train, embracing car disk brake, wheel 
protection, and electropneumatic straight air. 

Although the car disk brake has sufficient capacity to develop 
an effectiveness of 4 mphps upon emergency demand, a braking 
ratio was selected to furnish an effectiveness of 3 mphps due to the 
question of sanding and the restriction in added net performance 
as curtailed by the locomotive. 

In tests, the train stopped from 98 mph in 3365 ft with 90 psi 
bep and a total attainment time of nearly 10 sec (the greater por- 
tion of brake-cylinder pressure was attained in one half of this 
time.) At the employed 90 psi bep the car effectiveness was 2.8 
mphps me the locomotive 1.6 mphps, resulting in a train decelera- 
tion of 2.4 mphps. 

At 100 psi bep the car effectiveness becomes 3.12 mphps and the 
locomotive 1.76, resulting in a train deceleration of 2.68 mphps. 
With 2.5 sec for build up of brake-cylinder pressure, the distance 
becomes 2940 ft—from 100 mph. 

With the combination of sand and a locomotive brake of higher 
effectiveness, the stopping distance from 100 mph is reduced to 
2040 ft. 

The combinaticn of all elements is available in the R.D.C. sin- 
gle or multiple-car train built by the author’s company. This is 
made possible by the absence of the locomotive. Emergency 
and service decelerations are, respectively, 3.4 and 2.7 mphps. 
The brake has ample capacity to produce a deceleration of 4 
mphps. 

It is to be pointed out that more experience with sanding is nec- 
essary before establishing a practicable emergency effectiveness, 
so that the rate of 4 mphps should be regarded as a possible goal 
yet to be substantiated. 

The subject of braking is receiving intensified recognition 
brought about by the many advances which have and are being 
culminated in this period of outstanding progress. 
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Pressures Developed 


by Viscous Materials 


~ in the Screw Extrusion Machine 


Previously developed equations describing the pressure 
and discharge rates of Newtonian liquids in the screw-type 
pump are discussed briefly and are experimentally veri- 
fied. These equations are then applied to rubberlike ma- 
terials for the two extreme conditions of extruder opera- 
tion: Open discharge (with die removed from discharge 
end of extruder); and zero discharge (with solid plate seal- 
ing the discharge end of the extruder). For the condition 
of closed discharge, calculated pressures agreed with ob- 
served pressures. The apparent viscosities of a number of 
stocks were determined by forcing them through circular 
orifices at different flow rates and calculating the viscosity 
from Poiseuille’s equation. The effective shear rate was 
calculated by using an expression for the average volume 
weighted rate of shear in circular orifices. The effective 
shear rate occurring in the extruder was calculated for 
screws with wide thread troughs from the velocity distribu- 
tion in the troughs and an expression for the average vol- 
ume weighted rate of shear in rectangular orifices. An 
experiment was devised to determine the effective shear 
rate in the extruder at zero discharge. The result agreed 
with the calculated value. It is concluded that at zero 
discharge the mechanism for rubberlike materials is one 
of viscous shearing and that rubberlike materials behave 
as viscous but highly thixotropic liquids. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


D = inside diameter of sieeve or circular orifice, em 
constant of integration 
= constant of integration 
= diameter to centroid portion of screw thread D,, 
D—h,em 
width of thread land, em 
= width of thread trough, em 
height of thread, em 
lead of thread, em 
effective length of screw; distance from feed port to 
last effective thread on tip of screw, em 
uncoiled length of screw thread, em 


+ 


= length of orifice, em 
discharge rate of substance flowing through : an ori- 
fice, cu cm per sec 
helix angle of thread, deg 
clearance between thread and sleeve, cm. 
linear speed of sleeve relative to screw, cm per sec 


! Research Engineer, Goodyear Tire and Rubber Company. 

Contributed by the Rubber and hag Division and presented “ 
the Annual Meeting, New York, Y., November 26-December 1, 
1950, of Tue American Society or ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. Manuscript received at ASME Headquarters, 
November 20, 1950. 


By W. T. PIGOTT,' AKRON, 


OHIO 


velocity of particle of liquid at any point (z, y) in 
thread trough or orifice cross section, cm per sec 

average velocity of material flowing through orifice, 
em per sec 

semi-cross-sectional dimension of screw thread or ori- 
fice, em 

open discharge rate of screw, em per sec 

= discharge rate of viscous material in rectangular orifice 

due to difference of pressure at ends of orifice, em 
per sec 

backward flow of viscous materia) through clearance C 
due to difference of pressure at feed port and dis- 
charge port, cu cm per sec 


special function calculated by infinite series used in 


calculation of open discharge rate, dimensionless; 
see Fig. 2 

special function calculated by infinite series used in 
calculation of Q;, dimensionless; see Fig. 3 

viscosity of Newtonian liquid, poises 

apparent viscosity of rubberlike materials, poises 

pressure (dynes/cm*) to convert to psi multiply by 
145 1077 


average volume weighted rate of shear, sec ~' 


any 


the parameter 
ul 


INTRODU CTION 


With the more frequent use of the screw-type extruder, a 

- working knowledge of the mechanism of its basic elements is 

desirable. The basic extruder elements treated in this investi- 

gation are a closely fitting screw with uniform threads and a sleeve 

equipped with suitable inlet and discharge ports located at the 

ends of the sleeve. These elements are shown schematically in 
Fig. 1. 


A> 


ScHematic or Screw Extruper 


Fie. 1 


The objective of this investigation is to determine the mecha- 
nism of this simple combination of elements when various mate- 
rials are pumped, and to determine the effect of the design and 
operation of these elements on the pressure and discharge rates. 
The materials are limited to Newtonian liquids and rubberlike 
materials. More specifically, the purpose of this investigation is 


— 
3 
5° 
g(s, h) = 
: 
(“) 
me \dz/ 4 
on 
: 
L 
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to determine the effect of the screw length L, the thread height 
h, the thread trough width s, the thread width w, the sleeve diame- 
ter D, the clearance C, the speed of rotation of the screw, and the 
viscosity of the material being pumped on the resulting pressure 
and discharge rate. 

Several mathematical analyses were located which gave the 
subject a theoretical treatment for the case of Newtonian liquids. 
Rowell and Finlayson (1, 2)? gave very little experimental veri- 
fication and Rogowsky (3) none. The equations developed by 
these authors for pressure and discharge rate were experimentally 
verified using several liquids having different viscosities, screws 
with different thread dimensions, and screws with different clear- 
ances between threads and sleeve. 

All the experimental determinations were made using the 
National Rubber Bench Model extrusion unit and modifications 
of it. Ordinary hydraulic gages equipped with special fittings 
were used for pressure determinations. Special equipment was 
built for viscosity determinations of rubberlike materials, al- 
though the same determinations could have been made using 
various types of apparatus described in the literature. 


Open DiscuarGce Rate 


The “open discharge rate” is defined as the rate of discharge 
of a screw with no pressure gradient from the input port to the 
discharge port. This condition is achieved by operating the ma- 
chine with the die removed from the discharge end. Under this 
condition a differential equation describes the velocity distribu- 
tion of a Newtonian liquid at any point in the thread trough. 
By successive integration an expression for the volumetric dis- 
charge rate can be derived 


h 
= 
h 
m=1 m' sinh (m= ) 
x 


Since f(h/s) is merely a function of the ratio (h/s), it can be 
calculated for a number of different values of (h/s) and used for 


and m = odd integers. 


many computations. The quantity f(A/s) is plotted versus (h/s) 
in Fig. 2. Equation [1] has been stated by Rogowsky (3) and 
implicitly stated earlier by Rowell and Finlayson (2). 


Zero DiscHaRGE 


“Zero discharge” is defined as the other extreme, i.e., opera- 
tion of the extruder with the discharge port completely sealed so 
that the discharge rate is zero. Under this condition the maxi- 


At zero discharge the 
rate Q the sum a ‘the backward flow rate 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


1.0 


‘1G. 2 fth/s) Versus (h/s) ror Ope 


Fie. g(s, A) Versus (s/h) ror Frow Taroves RecTancuLaR 


RIFICE 


By using an equation for the flow rate of liquid through a rec: 
tangular orifice, Q, can be evaluated in terms of the dimensions of 
the thread trough, the viscosity of the liquid, and the difference 
in pressure at the ends of the orifice 


m = odd integers, 

Values of g(s, h) for various values of s and h are given in Fig. 3. 
The complete details of the derivation of Equation [3] have been 
published elsewhere (4). Similar expressions have been experi- 
mentally verified (5). 

By using the relation for the flow of liquids through annular 
spaces, a2 expression for Q, in terms of the dimensions of the 
screw, viscosity of the liquid, pressure, and clearance can be de- 


rived 
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A series of experiments were carried out by increasing suc- 
cessively the clearance and measuring the zero discharge-head 
pressure. A Newtonian liquid was used which had a viscosity 
of approximately 1400 poises at the temperature of the experi- 
ment. The zero discharge pressure was calculated by solving 
_ Equation [2] for the pressure P. The calculated and observed 
zero discharge pressures are plotted versus clearance in Fig. 4. 
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Viscous Liquip 


For closely fitting screws, Q. is negligible, and Equation [2] 
becomes 


Concuusions ror Viscous Liquips 


The following is concluded for viscous liquids: 

The mechanism is one of viscous shearing for all conditions of 
; operation, i.e., open discharge, zero discharge, and intermediate 
discharge rates. 

From Equation [1] it may be concluded that the open dis- 
charge rate of Newtonian liquids is dependent only upon the 
cross-sectional dimensions of the thread trough and the speed 
of rotation of the screw. For high thread helix angles, a cor- 
rection factor cos @ must be included. The open discharge rate 
_ is independent of both the viscosity of the liquid and the length 
of the screw. Since there is no pressure gradient from inlet port 

to the discharge port, the flowback of liquid through the clear- 
ance between the threads and the sleeve is negligible. Equation 
[1] was verified experimentally using a number of screws with 
_ different thread dimensions and oils with different viscosities. 

The zero discharge pressure is directly proportional to the vis- 
- cosity of the liquid, the speed of rotation of the screw, and the 
length of the screw. From Equation [3] it can be seen that 

greater zero discharge pressures will result when the cross-sec- 

tional area of the screw-thread trough is small. The zero dis- 
charge pressure decreases as the clearance increases, but the rela- 
tion is notalinear one. Considerable loss in pressure results from 
the decrease in viscosity caused by heat generation, hence tem- 
_ perature control is important. Zero discharge head pressures 
- were measured for a number of different viscosity liquids in a 
- number of screws having different thread dimensions. The 
- measured pressures agreed with the pressures calculated from 
Equation [2). 

The relation between discharge rate and pressure is an inverse 
_ linear one. The pressure-discharge relation can be determined 

by calculating the open discharge rate and zero discharge pres- 
sure, plotting the two points on rectangular axes of discharge rate 


and pune and omnbe a straight line between the two pointe. 


The linear relation between pressure and discharge rate was veri- 
fied experimentally by making pressure and discharge-rate deter- 
minations on a screw equipped with an adjustable opening on the 
discharge port. 

The pressure and discharge rates were measured with the dis- 
charge port completely open, restricted by successive amounts 
and completely closed. The data from these experiments are 
shown graphically in Figs. 5 and 6. Aide tte 
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Open DiscHarce or RuBBERLIKE MATERIALS 


A number of determinations were made using rubberlike ma- 
terials. These materials are listed in Table 1. A few of their 
physica] properties are given along with the chief component of 
each stock. 


TABLE 1 IDENTIFICATION OF STOCKS 


Composition 
Duss rubber (compounded) 
= pounded 
m (com 
Synthetic rubber (pure gum) 
Polyisobutylene (pure gum) 


These stocks were strip-fed into the National Rubber Bench 
Model screw extruder and the open discharge rates were meas- 
ured. Screws with uniform threads were used. The sleeve was 
heated to 212 F in all cases. The area surrounding the feed port 
was cooled. Even with undercut threads at the feed port, the 
open discharge rates were far less than the calculated iad 
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rates using Equation [1]. Upon dismantling the extruder it was 
found that the threads were only partly filled with stock. 

A different method was then used to measure the open dis- 
¢ fs rate. The extruder was operated at zero discharge until 
no more stock would go into the feed port. The extruder was 
then stopped and the pressure allowed to subside. The cover 
plate on the discharge port was then removed. The extruder 
was turned on again and the stock in the threads discharged and 
the discharge rate measured. The open discharge rates deter- 
mined in such a batchwise manner were higher than continuous 
discharge with strip feeding. The results of these experiments 
are given in Table 2. The experimental open discharge rates 
listed in Table 2 were determined over a wide range of screw 


ie speeds, the discharge per unit time being directly proportional 


also be known. 
~ to be much greater than for Newtonian liquids. 


~ to clearance was found. 


ait... the screw speed, and the discharge per screw vovelntion being 


constant for any particular stock in any particular screw. The 


fact that the open discharge rates were much lower with con- 


tinuous strip feeding than when the full extruder was discharged 
batchwise indicates that the charging port severely reduced the 
volumetric efficiency of the extruder. 


TABLE 2 OPEN OF RUBBERLIKE MATE- 
ALS 
-Open discharge rate, cu em /revolution— 
Observed Observed 
continuous bate! 
feed discharge 
2 


Serew — 
dimensions, cm 
h Caleulated 


The discharge rate calculated from Equation [1] was at no 
time achieved, but was approached as a limit in the case of stock 
C with batchwise discharge as the thread spacing 8 decreased 
(and hence as the helix angle decreased).” The fact that the 
theoretical discharge rate is approached as the helix angle @ 
decreases and that the open discharge rate varies for different 
stocks is indicative that the stock is sliding against the wall of the 
sleeve. At the low pressures prevailing in the stock during open 
discharge, deformation is largely of an elastic nature, little or no 
viscous shearing occurring, hence elasticity controls, and the 
mechanism is largely one of sliding friction rather than viscous 
shearing. 


Zero DiscHarGeE OF RUBBERLIKE MATERIALS 


At high pressures, such as occur throughout most of the stock 
at zero discharge, the mechanism is more likely to be one of vis- 
cous shearing, and Equations [1], [3], [5] should be applicable. 
It will be shown that this is true and that the zero discharge 
pressure can be calculated. Close enough agreement between 
calculated zero discharge pressure and observed values was 
achieved to make possible fairly close estimations of zero dis- 
charge pressure, In order to apply Equations [1], [3], {5} the rela- 
tion between an apparent viscosity wa and the rate of shearing 
must be known for the stock, because rubberlike materials are 
known to be thixotropic. In order to make use of this informa- 
tion the effective rate of shear prevailing in the extruder must 
The effect of the clearance between the screw 
threads and the sleeve on the zero discharge pressure wos found 
No satisfactory 
method of calculating the decrease in zero discharge pressure due 
Therefore the calculation of zero dis- 
charge pressure is limited to tightly fitting screws. 

A screw was made identical to the one used in determining 
the data shown in Fig. 4. The zero discharge pressure was 
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measured using stocks A and D and successively increasing the 
clearance C. The temperature was maintained at 212 F, and the 
screw was rotated at 25 rpm. The resulting zero discharge pres- 
sures are plotted versus the clearance C in Fig. 7. Inspection of 
Fig. 7 indicates that the per cent decrease in pressure, resulting 
from the clearance, is much greater than for Newtonian liquids. 
The greatest slope of the curves in Fig. 7 occurs at the low values 
of clearance, while the greatest slope of the curve in Fig. 4 occurs 
at the high values of clearance. The reason for this difference 
is probably the thixotropic nature of the stocks and the complex 
nature of the shearing occurring in the clearance C. 
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Fic.7 Zero Discnarce Heap Pressure Versus CLEARANCE 


Several of the stocks listed in Table 1 were forced through 
circular orifices, and the discharge rates measured under suc- 
cessively increasing pressures. From these data the apparent 
viscosity and the average rate of shearing in the orifice were cal- 


culated. The apparent viscosity u, was calculated from the 
Poiseuille equation where 


PrbD* 


The average rate of shear was calculated using an expression 
(6) for the volume weighted average rate of shear. For circular 
orifices, the expression for the average volume weighted shear 


(*) 3204 
15D 


The values of 44 were plotted versus 


the case of or of the stocks. These renalts are chown in Fig. 
8. An inspection of Fig. 8 indicates that 4 decreases rapidly as 


Values of viscosity calculated from the Mooney plas- 
ticity (7) for these stocks, agreed —- with values in Fig. 8 
at the corresponding rate of shear. This serves as a check on the 


increases, 


_ 
| 
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; accuracy of this method of viscosity determination at one value _ planes is filled with a viscous material, the Laplacian Equation 
shear rate. 


In order to calculate zero discharge pressures for rubberlike 


- materials, the effective shear rate occurring in the screw must 


be known so that the correct value of viscosity u44 may be found 
using the data in Fig. 8. In order to do this, it is necessary to 


STOCK 
STO CK 
STOCK 
STOCK 


POISES« 10” 


VISCOSITY 


NS 


po 1000 10000 
RATE OF SHEAR 
Viscosiry Versus ror Mareriats 


determine the velocity distribution of a viscous material in the 


_ threads under the various conditions of operation and to derive 
_ expressions for lines of constant velocity. For widely separated 
_ threads, where the ratio s/h is high, the “end effects’’ due to the 


presence of the threads is small, and the mechanism becomes one 


er 


of shearing between two infinitely wide parallel planes separated 
by the distance h. Equations analogous to Equations [1] and 
{3} for open discharge and zero discharge, respectively, can be 


derived with this simplified mechanism if a section s-units wide 


ve 


that 2d = h. 


is considered. From this simplified analysis, expressions can be 
derived for the velocity distribution across the thread which can 


be used to calculate an effective shearing rate for various condi- 


tions of operation. Since most extrusion screws do have rather 
_ high values for the ratio s/h the effective shear rate calculated in 
this manner should be applicable. 
Let the infinitely wide parallel planes A-A and B-B be sym- 
metrically located about the axes z and v as shown in Fig. 9. 
ans 


ori 


wid 


k--d---» 
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Vevocrry DisrrisutTion Tareaps 


The plane B-B moves with a constant velocity V relative to 
A-A, Each plane is located at a distance d from the origin so 
If the sleeve of an extruder moves with the velocity 
V relative to the bottom of the threads on the screw, the plane 
B-B corresponds to the sleeve and the plane A-A corresponds 
to the bottom of the screw thread. If the space between the 


(2] reduces to 
P 


Integrating and letting P/(ul,) = K 


or 


Integrating again 


Since v = O when X 


V — Kd? 


and 
2 


bcd 


The expression for volumetric discharge rate is derived by per- 
forming the integration 


= Vd — 
—d 


At zero discharge this becomes zero, therefore 


Vd = 2Kd 
3 


2Kad* 


3V 
or K = od? 


Substituting this value of K in Equation [8] 


when 


The expression for volume weighted average shear rate in rec- 
tangular orifices given by Dillon and Johnston (6) becomes 


dv 
vdz 
~adr 
dour 
/3 


(*) 
*-d/3 d 
vdx + Fs 


The denominator is separated into two parts and the absolute 
values indicated, because the integral 


vdz 

—d A 

is zero at zero discharge, thus making Equation [11] indeterminate 

if this is not done. 


e 
Therefore the general equation for velocity v becomes 
v= +- -+- - 
| 
2d 4 
ind ri 
dz 2d? 2d 
rid 
4 
bens," 
V=0 


Substituting Equations [9] and [10] in Equation [11] and cal- 
culating 


(2) 

dz A 

At open discharge P = 0 and K becomes 0. 
= Oin Equation 


Substituting 


(13) 


Substituting Equations [12] and [13] in Equation [11] and 


calculating 
r 


<< 
This value i is the expected one for open discharge, because a 
open discharge the velocity is directly proportional to the distance 
from the reference plane A-A. 
If K(h*/V) is considered a parameter, which is zero at open 
discharge and has a maximum value of 6 at zero discharge, the 


average shear rate 
dz A 


can be calculated for all intermediate values of K(h?/V). 


dz} 4 


was calculated for a series of values of the parameter A(h?/V). 
These figures are given in Table 3. 


TABLE3 EFFECTIVE SHEAR RATES IN WIDE THREADS 


3.6 4.8 6.0 


2 2.79 3.385 


in the screw at zero discharge was determined experimentally 
from the zero discharge pressure in the following manner: Since 
the clearance has a marked effect on the measurement of pres- 
sures developed by rubberlike substances, a technique was used 
_ which often succeeds in experimental determinations of this 
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kind. Using the zero discharge-pressure data given in Fig. 7, 
the viscosity 44 was calculated from Equations [1], [3], [5] and 
ignoring the clearance C in the calculations. From these caleu- 
lated viscosities the corresponding shear rates 


(*). 


were found by referring to Fig. 8. From the speed of rotation 
of the screw and the height of the thread h, the ratio V/h was 
easily calculated. The ratio 


was then plotted versus the clearance and the curves extrapolated 
to zero clearance. This plot is shown in Fig. 10. At zero 


4 STOCK “or. 


STOCK A “4 


CLEARANCE CM. 
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( dy ) / V 

dr h 

is approximately 3.5, which is close to the theoretical figure of 
3.38 for wide threads at zero discharge. One would expect the 
observed figure to be slightly greater than the theoretical one due 
to the additional] shearing caused by the presence of the threads. 
Thus the value of effective shearing rate agrees fairly well with 
the theoretical one for zero discharge. 

A series of experiments were carried: out to determine the effect 
of changing the length of the screw on the zero discharge pres- 
sure. This was done by shortening the length of a screw suc- 
cessively and measuring the zero discharge pressure for sev- 
eral of the stocks. The results are shown graphically in Fig. 11. 
As predicted by Equations [1], [3], [5] the zero discharge pressures 
were found to be directly proportional to the length of the screw. 
The fact that the zero discharge pressure is directly proportional 
to the length of the screw is a further indication that at zero dis- 
charge the mechanism for rubberlike materials is one of viscous 
shearing. 

Now that a measure of the effective shear rate occurring in the 
threads of the screw has been worked out, Equations (1], [3], [5] 
will be applied to closely fitting screws to calculate the zero dis- 
charge pressure. 

Sample Calculation. Calculate pressure developed at zero 
discharge by stock C in a closely fitting screw rotating at 10 rpm 
when the screw has the following dimensions and the temperature 
is 212 F: 


= 2.06 cm h 
2.54 em 


= 0.317 em 


D,, = 2.22 cm 


L=190cm 


: 
= 
982 
dv dt 
: at zero discharge, = 1.69 
, 
2 
and pe = 
dv | : 
(=), 
K 
The effective shear rate 
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therefore 
P (2.08)? (0.317)? 
0115 = 9.2 10°" P 


Since Q = Q, at zero discharge wet 
0.412 = P x 0.092 x 10* 


STOCK B P = 449 X 108 dynes /cm? : a 


= 4.49 K 10° X 145 X 10 hie 6510 psi 


434 


The observed value of zero discharge pressure with this stock 
under these conditions was found to be 6700 psi which is very 
close to the calculated figure. 

o:12345 6789 The zero discharge pressure was measured for four of the stocks 
SCREW LENGTHIN. listed in Table 1 with three different screws with successively in- 
Zeno Discuarct Heap Pressure Versus Screw Lenora easing values of the thread spacing s. The temperature was 
maintained at 212 F, and the screws were as close-fitting as pos- 
sible. The 1-in. National Rubber Bench Model extrusion unit 
Open discharge rate: ; was used in these determinations. The results are plotted versus 
screw speed in Figs. 12 and 13. The solid lines represent the cal- 
_ 8s? 
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h/s = 0. 154, ‘ae from Fig. 2, /(h/s) = 0.28. Therefore 


Q= (0.28) = 6.413 cucm persec 

The correction cos @ is ignored because the helix angle @ is so 
small that cos 9 = 1.00. 
Backward flow through thread Rp. SCREW SPEED R.PM. 
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culated pressure and the points the observed pressures. Fig. 12 

shows the effect of using different stocks with the same screw, 

and Fig. 13 shows the effect of using different screws with the 

() ( 1.34 ) stock. Agreement between the calculated curves and the 

0.317 determined curves is close enough to verify the method of caleu- 

é lation and to make possible the estimation of the zero discharge 

Referring to Fig. 8, u4 = 97,000 poises for stock C when _ pressure for rubberlike materials. The calculated curves in 
_ Figs. 12 and 13 necessarily include the cumulative error of the 
et _ Various measurements upon which the calculations are based, 

pares particularly the viscosity determinations. The observed pres- 
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sures decreased varying amounts as a function of time due to 
heat generation within the stocks. This effect was more pro- 


nounced with the tougher stocks than with the softer stocks. 
Gi. The most striking result of this investigation is that the zero 
discharge pressure for rubberlike materials is not directly pro- 


portional to the rotational speed of the screw 


The pressure-discharge rate relation for rubberlike materials 
is not a simple inverse linear one as in the case of Newtonian 
liquids, but is markedly curved. This makes the estimation of 
pressure for intermediate values of discharge rate difficult. The 
pressure-discharge rate relation for stock E was determined by 
successively closing the discharge port. The pressures were thus 
measured for discharge rates ranging from open discharge to zero 
This plot is shown in Fig. 14. ; 
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The reasons for this characteristic and the changes occurring 

in the mechanism as the discharge port is successively closed as 
visualized by the author will now be given. 

At open discharge, the inefficiency of strip feeding results in the 
threads being incompletely filled. In addition, the pressure 
throughout the stock in the screw threads is low, and there is not 
sufficient traction between the stock and the walls of the sleeve 
to prevent slippage. The stock tends merely to rotate with the 
screw and forward motion is greatly retarded. At open discharge 
the mechanism is largely one of sliding friction, little or no vis- 
cous shearing taking place. The results of open discharge-rate 
determinations discussed earlier agree with this conception. 

As the discharge port is successively closed, the pressure in the 
forward end of the screw increases enough to prevent slippage of 
the stock against the sleeve, and the mechanism in this region 
changes from one of sliding friction to viscous shearing. As the 
discharge port is successively closed, more and more of the stock 
: undergoes viscous shearing. One could even imagine a point of 
demarcation between the region of sliding friction and viscous 
shearing which moves back toward the feed port as the discharge 
port is closed until at zero discharge all of the stock in the screw 
threads, with the possible exception of the stock in the immediate 
_ ‘Tegion of the feed port, is undergoing viscous shearing. 
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Discussion 


G. J. Dienes.* It is gratifying to see the increasing interest in 
fabrication processes as extrusion from a fundamental 
viewpoint. From the material standpoint, the rheological proper- 
ties of thixotropic‘ and viscoelastic’ materials have been investi- 
gated recently under conditions of simple extrusion, i.e., flow 
through a tube under a constant applied driving pressure. The 
author analyzes successfully another important part of the extru- 
sion process, namely, the mechanism of developing the driving 
pressure behind the extrusion die. The techniques given in this 
paper are of general interest, and the writer would like to see a 
more detailed description of the pressure-measuring devices 
used, their exact location in the extruder, and specific methods 
of attachment. The pressure measurement is the heart of the 
technique and the author’s comments on difficulties encountered 
by others® with plugged connecting tubes would be welcome. 

It is only natural, at the present state of knowledge, that 
considerable idealization is apparent in all these studies. In 
mapping out the characteristics of the extrusion process, at 
least one important additional factor will have to be studied 
carefully. This is the slippage of the material along various 
surfaces in the extruder. It is well known in practice that lubri- 
cants have an important influence on the operation of the ex- 
truder and on the properties of the extruded material. How- 
ever, very little fundamental information is available as to the 
rheological action of lubricants, particularly at high tempera- 
tures. It is also likely that, as a result of lubrication, apprecia- 
ble temperature differentials may develop within the plastic 
material leading to considerable rheological complexity. 


such 


Sitvio Eccuer.’? Many of the author’s results and conclusions 
agree well with those obtained by the writer, working on a 5-cm- 
diam extruder with pure rubber and rubber compounds. 

Referring to Fig. 14 of the author's paper, the writer has also 
obtained a curve convex to the axes for G.R.I. 

For other materials (pure or compounded natural rubber and 
GR-S), the curve pressure-discharge rate has instead an opposite 
Has the author also obtained a similar course? The 
writer has not been able to vary the clearance, and the author's 
results therefore appear highly interesting. 

Our investigation was carried out with three different leads and 
three heights of the thread on a 5-cm laboratory extruder. A 
similar investigation was also made with other extruders in our 
plant. 

As a satisfactory relation has been obtained between dimen- 
sions of the screws and discharge rates, in connection with rheo- 
metrical parameters of the materials, it will be interesting to know 
the geometrical dimensions of the screw used by the author in 
the tests illustrated in Figs. 5 and 6. 


convexity. 
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AvuTHOR’s CLOSURE 


In answer to Dr. Dienes's inquiry as to the exact techniques 
used to measure pressures, the following description is given. 

Ordinary hydraulic gages were connected to the head of the 
extruder through forged steel tubing having an internal diameter 
of at least one-half inch. The relative positions of the various 
parts were such that the axis of the tube coincided with the ex- 
tension of the axis of the screw in the barrel. The gage and the 
tube were filled with oil and a plug made of very soft rubber 
(ML, 212 F of 20) was inserted into the tube to form a barrier 
between the oil and the stock in the head of the extruder. It is 
best to allow the plug to extend out of the tube a little into the 
head cavity in order to reduce the flow of stock into the tube as 
much as possible. Care must be taken not to allow the oil to 
work its way past the plug into the threads of the rotating screw 
in the extruder barrel because if this happens a false pressure 
reading will result due to slippage of the stock against the ex- 
truder barrel. For this reason a soft-rubber plug at least two 
inches long should be used. When the extruder is completely 
filled and there is no air in the system, a maximum pressure read- 
ing should result within 10 seconds after the extruder is turned on. 

In the cases where the pressures developed by low-viscosity oils 
were measured at various points along the extruder barrel, 0.030- 
in-diam holes were drilled through the barrel, and vertical tubes 
were attached to them which formed manometers. In this way 
the pressure heads were measured directly in inches of oil. Such 
a system may take considerable time to come to equilibrium, 
however; thus any increase in temperature due to mechanical 
friction of the rotating screw will result in a somewhat diminished 
pressure reading. 

Dr. Eccher has asked for a more detailed description of the 
screw used to determine the data shown in Figs. 5 and 6 

Using the same nomenclature, the pertinent dimensions are as 
follows: 


s = 0.317 em (width of thread trough) f 
h = 0.317 cm (height of thread) rel 
l, = 100 em (uncoiled length of thread Be. : 
D = 2.54 cm (major diam of screw) 


Specific gravity of oil, 0.87 to 0.88 

This screw was double-flighted. This does not change any- 
thing, however, if all computations are based on a single flight of 
thread. Fairly good agreement was observed between the calcu- 
lated discharge rates per thread and the head pressure. The 
screw was closely fitted to the sleeve and hence the clearance was 
ignored in the computations. The observed pressures were all 
slightly lower than the computed values, presumably due to a 
decrease in viscosity due to heat generation. 

The author finds Dr. Eccher’s observations on the shape of the 
discharge rate - head pressure curve extremely pertinent. From 
the calculated values of the effective shear rates in the thread 
trough under different conditions of operation as given in Table 3, 
it is postulated that all rubberlike materials should give a dis- 
charge rate - head pressure curve having a convexity in the oppo- 
site direction to that shown in Fig. 14. Table 3 states mathe- 
matically that the effective shear rate is not only directly pro- 
portional to the screw speed but also increases from its lowest 
value at open discharge to its highest value at zero discharge for 
a constant screw speed. The author was unable to observe 
such a relation with his particular extruder, however. The 
immediate reaction to Dr. Eccher’s comments is that his ex- 
truders may have a more effective feed than ours; thus the threads 
on his extruder would be more nearly full in the region of the feed 
port. Perhaps the difference in size between our extruders may 
have something to do with this. Perhaps the direction of the 
convexity of the discharge rate - head pressure relation would be 
a good way of measuring the effectiveness of the feed port 
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ment is small. 


specified temperature span. 


phragm, 
system being charged with an inert gas and hermetically sealed. 


Pressure-Te 


By E. E. MODES,' SKOKIE, ILL. 


_ Fundamental relations are presented for the pressure 
‘id within the system of a thermometer or thermal system 
_ charged with a perfect gas. An expression is developed 


_ which gives the approximate pressure in terms of bulb 


_ temperature, ambient temperature, and ratio of bulb vol- 
ume to ambient volume, this being sufficiently accu- 
rate if the volume change of the pressure-responsive ele- 

An exact equation for the pressure in the 

_ system is developed in terms of the temperatures and 

_ volumes of bulb, capillary, and pressure-responsive ele- 

ment, and the volume change of the pressure-responsive 

- element, assuming the volume change to be linear with 


_ pressure change. From this relation, means are developed 


for determining the necessary charging pressure to give a 
_ specified pressure change when the bulb is varied through 
An example is included in 


_ the Appendix in which charging pressure, pressure-tem- 
perature curve, and the effect of ambient- -temperature 
_ changes are computed by means of the exact expressions 


AS-filled pressure-type thermometers and thermal systems 

operating on the principle of Charles’s law are widely 

used, and are designated by the industry in general as 
Class III thermometers. It is the purpose of this paper to set 
_ forth fundamental relations between the pressure in aad tem- 
_ peratures of such a system, considering the volumes of the various 

_ sections and the change in volume of the pressure-responsive ele- 
ment with change in pressure. 


Basic ReLations 


Fig. 1 shows such a system schematically: A being the tem- 

_ perature-sensitive bulb which is immersed in the medium whose 
_ temperature is being measured, B the connecting capillary tub- 
ing, and C the pressure-responsive element in the form of dia- 
bellows, Bourdon tube, spiral, or helix, the complete 


_ The pressure-responsive element gives a deflection on the scale 
through the linkage with variations in internal pressure, caused 


by variations in temperature of the various sections of the system. 


The capillary tubing and pressure-responsive element are usually 
at some ambient temperature which differs from the temperature 
_ being measured by the bulb, and in the case of a thermometer 
with a long length of tubing the tube temperature may differ 
_ considerably from the element temperature. The bulb and capil- 
lary are constructed in such a manner that their volumes remain 
substantially constant within the pressure range of the system 


Development Jas. P. 
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sion and Research Committee on Fluid Meters and presented at the 
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however, the capillary volume will vary as its length is varied 
Since the pressure-responsive element deflects with a pressure 
change, its volume will be a function of the existing pressure in 
the system. 

For purposes of analysis let us consider a given mass of a per- 
feet gas confined within a chamber of constant volume at abso- 
lute pressure P and absolute temperature 7. 1f the temperature 
of such a system be varied, the internal pressure will vary in ac- 
cordance with Charles's law as follows 


TEMPERATURE 
Fie. 2 


where P is the charging pressure at temperature 7, and p is the 
fina] pressure at temperature 7',. If pressure be plotted against 
temperature, the straight line shown at a in Fig. 2 will result, 
and such a system would have a uniformly graduated scale. 

In order to obtain a simplified expression for the pressure within 
the system shown in Fig. 1, let us assume that the temperature of 
the capillary B is identical to that of the element C (which is 
generally true for thermometers with short-length capillaries), 
and also assume the volume change of the pressure-responsive 
element with pressure change to be smal] in comparison to the 
other volumes in the system, Let the complete system be charged 
with a at absolute P with bulb, capillary, and 


fore 
1 
| 
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element at uniform absolute temperature 7’, and the system sealed. 
lf the temperature of the bulb then be changed to 7's, and the 
temperature of capillary and element be changed to ambient 
temperature ¢t, the pressure in the system will be given by 


_P@+1)_ 


bulb volume 


ambient volume Ve + Veg 

If this pressure be plotted for various bulb temperatures with 
the ambient temperature ¢ held constant at the charging tempera- 
ture 7 (as is sometimes the case with actual thermometers) the 
curve 6 in Fig. 2 will result considering the origin of co-ordinates 
to be the charging temperature and pressure JT and P. It is to be 
noted that the curve is no longer linear and drops below the 
curve a. The magnitude of this nonlinearity depends upon the 
volume ratio z. By making z sufficiently large the curve can be 
made linear enough to obtain a reasonable degree of accuracy on 
a uniformly divided scale. All well-designed thermometers are 
built with a high volume ratio, some manufacturers recommend- 
ing 40:1. A high ratio of course means a bulb of relatively large 
dimensions depending upon capillary length. This is a disad- 
vantage since with some applications there exists a very definite 
limitation on bulb size. 

For an exact analysis of the pressure in the system in Fig. 1, 
it is necessary to consider the individual temperatures of capillary 
and pressure-responsive element 7; and 7'g, since these may not 
be identical; also to consider the volume change of the element 
as its internal pressure changes. A reasonable assumption for 
this volume change with most elements is that itis linear with 
pressure change. Considering the foregoing factors, and also 
assuming a constant barometric pressure, the pressure in the 
system for any — ot of conditions will be given by the fellow- 
ing expression 
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APPLICATION TO Gas-FILLED THERMOMETERS 


Usual practice with gas-filled thermometers is to employ a 
system as in Fig. 1, which requires a given pressure change (ad- 
justable by several per cent by means of an adjustable-length link) 
to cause the pointer to move over full scale. This system may 
then be used for a variety of temperature ranges by varying the 
charging pressure P so that the required pressure change is ob- 
tained when the bulb is taken from minimum to maximum 
scale temperature. In order to determine this necessary charg- 
ing pressure it is convenient to determine the system pressure 
when the bulb is at the minimum scale temperature by 


T.f((Kf + Ve + Ve)T: + Vat) 
((7': — T:)V gt — 


(4) 


wherein p; is the system pressure with bulb at minimum scale 
temperature 7’; which will result in the required pressure change f 
when the bulb is taken to the maximum scale temperature 7, 
assuming element and capillary to be held at constant ambient 
temperature ¢. 

With the initial pressure p, thus determined, it is now possible 
to compute the necessary charging pressure P when the complete 
system is held at uniform charging temperature 7. It is gen- 
erally most convenient to charge at ambient temperature ¢, and 
charging pressure under these conditions is given by 


Yat Ve) Kn 


(mat 
2K : 


With P and T determined, it becomes possible to calculate by 
means of Equation [3] the pressure in the system under any 
conditions of bulb, capillary, and element temperatures, if it is 
desired to charge the system at nonuniform temperature. 


Vals . Wels 


2KT¢ 
where P and T are the absolute charging pressure and tempera- 
ture, V terms are volumes, 7 terms are absolute temperatures, 
and the subscripts B, C, FE, denote temperatures or volumes of the 
bulb, capillary, and element respectively; and K is the volume- 
change constant for the pressure-responsive element, vol- 
ume change = Kp. 

Equation [3} makes it possible to compute the actual pressure 
in a system in terms of the volumes and temperatures of bulb, 
capillary, and element, and in terms of the volume change of the 
element. 

Use of Equation [3] will enable the designer to proportion the 
bulb volume for a given length of capillary to obtain any degree 
of accuracy on a linearly divided scale, which appears to be 
_ superior to past methods of rule of thumb where volume ratios of 

bulb to ambient were made 40:1 or 20: 1, and so forth. The 
equation is also useful in designing compensators which counter- 

act the effect of ambient-temperature changes about the capillary 
and element. 


Ve. +Ve+ xP) ve) 
—{—2- 4 84 
K T 2KT, 


Appendix 
NOMENCLATURE 
The following nomenclature is used in the Appendix: 


B = characteristic gas equation constant? 
pressure change for full-scale pointer deflection 
element volume change per unit pressure change 
total mass of gas in complete system 
mass of gas in bulb 
mass of gas in capillary 
mass of gas in element 
absolute charging pressure 
absolute pressure in system 
absolute pressure when 7, = 7, and T; = Ty = t 
absolute ambient temperature (capillary and element) 
absolute charging temperature (complete system) 


“Principles of Thermodynamics,” by G. A. Goodenough, third 
otitun Henry Holt and Company, New York, N. Y., 1932, p. 33. 


é 
Bers 
where 
1 


T, = absolute minimum scale temperature 
T: = absolute maximum scale temperature 
Ts, = absolute bulb temperature 
T- = absolute capillary temperature 
absolute element temperature 
bulb volume 
capillary volume 
element volume at zero pressure absolute 
Vp 
Ve + Ve 


Referring to Fig. 1, when the system is charged the charac- 
teristic gas equation gives 


ratio, bulb to ambient volume = 


+ Vo + Ve + KP) 


M = 
BT 


When bulb is at 7’, and capillary and element are at ambient t 


Vs 2(Ve + Vz) 


Equations [6], [7], and [9] in Equation [8] and by assumption 


P(z + 1) 
+0) 


Ts 


To derive Equation [3], applying the characteristic gas equation 
to the element 


= P(Ve + Kp) 


To the capillary 


M = Mp + Mc + Mg 


Equations [6], [7], [10], and [11] in Equation [12] gives 


Ve 
( 
Ts, 


__ Wa + Ve + Ve + KP)P 
T 


Applying the quadratic form 


p= 


2KT, 2K 


To pe Equation 4] consider the bulb to be at the mini- 


mum scale temperature 7, and capillary and element to be at 
ambient temperature ¢. Substituting these values in Equation 


_ Va + Ve + Ve + KP)P 


=0.. 


When bulb is taken to maximum scale temperature Equation [13] 
gives 


+S! (2 Ve rs) 
r + + + (pi + ff) 
_ Wa + Vo + Ve + KP)P _ 


T 


Equating {15] and [16] and solving for p; gives 


_ TIUKS + Vo + Ve)Ts + Vet] 


fer derivation of Equation [5], consider bulb to be at 71, 
capillary and element at ¢, and charging temperature 7 to be 
ambient ¢. Substituting these values in Equation [13] gives 


Kp? (Vs , Ve, V 


_ Wat Vo + Ve+KP)P _ 
t 


{17] 


Rearranging, applying quadratic form, and reasoning as in solu- 
tion for Equation [3] gives 


p= ¥( 2K +B 
_ Wat 


(5) 


Since the constant B has been eliminated in the foregoing ex- 
pressions, any consistent set of units may be used as long as tem- 
peratures and pressures are absolute. 


EXAMPLE 


A sample computation on a system whose physical charac- 


Ve , Ve ve) (2 Ve , Ve , Vs 
+= +2) + 


(Ys +Veot+Vit 


T 


2K/T, 
Considering the numerator of the right-hand member only, the 
term under the radical will always be greater than the first term 
in parentheses, and, since the concept of a negative absolute 
pressure is absurd, the — sign in the + notation may be 
neglected giving 


teristics approximate those in actual use follows, for the purpose 
of demonstrating the use of the expressions which have been de- 
veloped. 

Since small differences of large quantities are involved in the 
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use of the equations, it is necessary that a table of logarithms to seven places or a calculating machine be used to obtain significant 
results. 

Consider a thermometer having a scale range of 0 to 500 F, the pressure-responsive element and linkage of which require a 
pressure change of 100 psi to move the pointer through full scale deflection. Maximum allowable pressure in element is 500 psig; 
bulb volume 5.0 cu in., capillary 0.1 cu in., element 0.2 cu in., and volume change of element 0.0002 cu in. per lb per sq in. 
Normal ambient temperature 70 F. This gives 


f = 100 T: = 959.7 ky 
t = 529.7 Ve =0.1 
Substituting these values in Equation [4] gives oy 
459.7 X 100[(0.0002 X 100 + 0.1 + 0.2)959.7 + 5.0 X 529.7] a 
x = 103.99 
Pt (959.7 —459.7)5.0 X 529.7 —2 X 0.0002 X 100 X 959.7 X 459.7] 
which is the necessary pressure with bulb at 0 F, and capillary and element at 70 F to give a pressure change of 100 psi when bulb 
only is taken to 500 F. Note also that the pressure at 500 F bulb is within the maximum allowable limit for the element. 
Substituting the foregoing value of p, in Equation [5] gives 
+0.1 + 520.7 X 103.99 5.0 0.2, 0.0002 103. (39 + 0.14 3) 
i 2 X 0.0002 0.0002 459.7 529.7 529.7 529.7 2 0.0002 
P = 118.80 psia 
This is the necessary charging pressure with the complete system held at 70 F to give the required 100 psi pressure change when the 
bulb is taken through full-scale temperature change. 
With the charging pressure P and temperature 7 determined, it becomes possible to calculate the pressure in the system under 
any temperature condition of bulb, capillary, and element by means of Equation [3]. The p-7', curve is computed in the 
following, for 100 per cent, 75 per cent, 50 per cent, and 25 per cent of full-scale bulb temperature with 7, and T', held constant 
at 70 F. 
100 per cent scale bulb temperature, at = 959.7 
p= 
5.0 X 529.7 0.1 X 529.7 529.7 +0.1 + 0.2 + 0,0002 
2 X 0.0002 X 959.7 2 x 0.0002 K 529.7. 2 * 0.0002 0.0002 529.7 
2 X 0.0002 x 959.7 2 x 0.0002 x 529.7 2 x 0.0002 
The foregoing affords a check on the figures for p, and P, since f = 203.98 — 103.99 = 99.99 psi, which is within the accuracy | ' 
of the computation, and within 0.01 per cent, of the original specified value of 100 psi. 
75 per cent scale bulb temperature, 7’, = 834.7 
5207 5207 y 529.7 X 118.80 /5.0 + 0.1 + 0.2 + 0.0002 x 
\ 0.0002 834.7 2 0.0002 529.7 2 0.0002 0.0002 529.7 
2 X 0.0002 x 834.7 2 x 0.0002 x 529.7” 2x 0.0002) ~ 
50 per cent scale bulb temperature, 7’, = 709.7 | 


( 5.0 529.7 _ 01x 529.7 0.2 529.7 118.80 + 0.1 + 0.2 + 0.0002 X 118.80 
\ 2 0.0002 709.7 0.0002 529.7 2 0.0002 0.0002 529.7 
\ 5.0 X 529.7 0.1 X 529.7 0.2 
= 155.66 psia 
2 X 0.0002 x 709.7 2 X.0.0002 X 529.7 2 X 0.0002 
25 per cent scale bulb temperature, = 584.7 
p= 


5.0 X 520.7 X 529.7 02 X 1690 (30 + 01 £02 + 
2 x 0.0002 584.7 2 x 0.0002 x 529.7 2° x 0.0002 0.0002 529.7 


2 X 0.0002 X 584.7" 2 x 0.0002 x 529.7" 2 x 0.0002 


\ 
130.25 psia 
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The foregoing values of pressure are given in Table 1, together Rearranging Equation [13] of the paper and introducing 9 and @ 
with pressures corresponding to a linear curve through the mini- x 
mum and maximum pressure, and the deviation of the actual (a+ [18] 
from the linear value expressed in per cent of full-scale pressure whi 7 Va Te 
change. 
Solving for 1/p and inverting 
TABLE 1 VALUES OF PRESSURE AND OTHER DATA 
we PT 
p (linear), Deviation, p= - 


{19] 


where only the + sign has physical significance. Equation [19] 
is convenient to use when the value of K approaches zero, 
When K = 0 

Customary practice is to set the instrument for zero error at 
mid-seale by means of a zero adjustment in the linkage, which 
would result in a —-1.67 per cent error at maximum and minimum 
temperatures. This error can also be evenly divided at mid-scale If in addition T, = 
and maximum and minimum points, which would result in a 
+0.84 per cent error at 250 F and a —0.84 per cent error at 0 and i Ty L+I/e 
500 F. The nonlinearity of the pressure-temperature curve can , 1+ T,/tz 
of course be reduced by increasing the bulb volume. 

Equation [3] will now be used to determine the effect of am- 
bient-temperature fluctuation. Consider the bulb to be at mid- Applying the approximation V/1 + € = 1 + €/2 to the quad- 
scale 250 F with the element at 70 F, and assume the tempera- "atic term in Equation [19], herewith, and rearranging 
ture of capillary to be increased to 120 F, T- = 579.7 Vi Discussion continued with Equation [20] below) 


which is another form of the author’s E Zquation (2). 


p= 

2 x 0.0002 x 709.7 * 2 x 0.0002 x 579.7 * 2 x 0.0002 0.0002 529.7 
( 5.0 X 529.7 0.1 X 529.7 0.2 


) 155.99 
2 X 0.0002 X 709.7 2 X 0.0002 X 579.7 2 x 0.0002 pein 


If temperature of element is increased to 120 F with capillary at 70 F, and bulb at 250 F, Ty = 579.7 as 


p= 
_5.0X579.7 0.1 X 579.7 0.2 579.7 X 118.80 (sore + 0.2 + 0.0002 


2 X 0.0002 X 709.7" 2 X 0.0002 529.7 2 X 0.0002 0.0002 529.7 


5.0 X 579.7 0.1 X 579.7 Ps 0.2 
2 X 0.0002 709.7 0.0002 x 529.7 2 x 0.0002 


Error, 
Ts, deg F . psi per cent 
70 0 
70 155. +0.33 
120 +0.76 
These values are given in Table 2, together with the error in Op Pe T,* Ve (+) 
per cent of full-seale pressure change when both capillary and or. “T Tc? Vg (1 +@+a)* 
element are at 70 F. 


Using this approximation 


Neglecting a, and 


Discussion 
for, 
W. I. Cautpwetu.’ Another rather interesting solution of the 
author's equations leading to Equation [3] is possible. For con- 
venience let : 1 ( 
aT 
n=(V, + V_+KP)/V, for,” Ve 
Ts 
Ve 


ambient-temperature errors of the capillary and element. Using 


the author’s examples, one obtains 


o= 


( {21} and [22] permit an easy approximation of the 


+e) 


? Director of Research, Taylor Instrument Companies, Rochester, 
N, ¥. 


mer 
= 
. 
PKT's 


The author’s values were 0.33 and 0.76 per cent. 

To check the ambient errors of a proposed design prior to find- 
ing the filling pressure P, one can use the following approxima- 
tion 


f P 


T 


1 dp 
7ar,” 


p 


While these approximations are not as good, they would pro- 
vide a useful guide in the early stages of design. 


ad 
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Mr. Caldwell’s discussion represents a valuable addition to the 
paper in that his approximations are readily made by means of a 
slide rule for a tentative design before obtaining the tediously 
computed exact values by means of the author’s expressions. 

In order to avoid any possibility of confusing the reader, it is 
probably worth mentioning that the approximation used by Mr. 
Caldwell in obtaining Equation [20] has been applied twice in its 
general form (1 + €)" = 1 + me. 

It is the author’s hope that this preliminary work on the prob- 
lem will stimulate interest in further analysis. Specifically, an 
expression for bulb volume, for a system with given physical char- 
acteristics, in terms of the maximum allowable error and ambient- 
temperature variation would be extremely useful. 

Contributions of others are acknowledged by the author, with 
thanks to those who submitted written and verbal discussion, to 
the Theory Committee, IIRD of the ASME, in particular Mr. N. 
B. Nichols for valuable suggestions, and also to Jas. P. Marsh 
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The Pitot-Venturi flow element is a velocity-measuring 
device having found wide use as an air-speed indicator, 
particularly during World War I. A considerable number 
of design changes have been made since, and this paper 
treats a specific form of the element and discusses the 
effect which the various components used in its assembly 
have on its calibration. Flow equations are developed and 
the method of determining the element’s coefficient and 
exponent is described. The paper concludes with sug- 
gested methods of installation and an analysis of its posi- 
tion in the flow-measurement field. 


NOMENCLATURE 


The following nomenclature is used in the paper: 1 ot 


s 


velocity in feet per second at flowing conditions 
Pitot-Venturi flow coefficient (adapted form) 
differential pressure expressed in feet of flowing fluid 
differential pressure in inches of water 

differential pressure exponent established by test 
area, 8q in. 

absolute temperature (deg F +460) 

temperature, deg F 

absolute pressure, psia 

specific gravity of gas at standard conditions (air = 1) 
specific gravity of liquid at base 60 F (water = 1) 
specific gravity of liquid at flow conditions (water = 1) 
inside pipe diameter, in 
proportionality constant 


The Pitot-Venturi flow element as a velocity-measuring device 
has been well introduced in earlier literature complete with photo- 
graphs, drawings, and performance data. This paper therefore 
will restrict its treatment of this element to a specific form being 
currently furnished and will emphasize particularly its design 
characteristics, factors influencing its coefficient, the development 
of ita flow equations, installation considerations, and its place in 
the flow-measurement field. 

As is known, one of the fundamental and simplest devices to 
measure fluid velocity in use today is the Pitot tube. However, 
a basic limitation of this element is the relatively small differen- 
tial pressure which it develops and thus requires measuring 
instruments which have a high amplifying ability. There are 
numerous design and performance complications associated with 
instruments which must measure small variables, and hence any 
logical step which reduces the burden of the measurement can be 
viewed as a worth-while effort. The Pitot-Venturi flow element 
fits in with this approach for it develops differential pressures 
which vary from 5 to 10 times that developed by a Pitot tube 
over a velocity range of 25 fps to 90 fps. 


INTRODUCTION 


1 Taylor Instrument Companies. 

Contributed by the Instr ts and Regul Division and 
Research Committee on Fluid Meters and presented at the Annual 
Meeting, New York, N. Y., November 26-December 1, 1950, of 
Tue American Society or MECHANICAL ENGINEERS. 

Nore: Stat ts and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters August 
16, 1950. Paper No. 50—A-46. 


The Pitot-Venturi Flow Element 


By H. W. STOLL, ROCHESTER, N. Y. 


Design CHARACTERISTICS 


Fig. 1 shows the element, and Fig. 2 is a cross-sectional drawing 
of it. Referring to Fig. 2, it is seen that it consists of two con- 
centric Venturis arranged so that their openings lie in the same 
plane, the exit cone of the inner Venturi terminating in the throat 
section of the outer Venturi. The inner Venturi is held in place 
by a tube welded to its body and connecting to a chamber which 
terminates in a slit located in the throat. The mast support is 
welded to the outside surface of the outer Venturi and located 
so the tube from the inner Venturi passes through its center. 
The velocity impact hole is drilled into this mass-supporting 
piece at a point facing directly upstream. It is of relatively 
large diameter to minimize plugging. 

The '/,-in. pipe which screws into the mast support serves as 
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the mechanical support of the element and also conducts the 
static pressure to a tee where it ultimately connects to the up- 
stream tap of a differential pressure instrument. The low-pres- 
sure line, which is the tube leading from the inner Venturi, passes 
through the center of this supporting pipe and terminates at the 
end of the mast so that it can be connected to the low-pressure 
tap of the differential pressure instrument. Concentric with the 
outer surface of the flow element and adjacent to it is a calibrating 
ring. Its function is to influence the relationship between veloc- 
ity and differential pressure to the extent that a predetermined 
coefficient can be obtained. 

In operation, fluid passing through the element enters the inner 
Venturi and also the area between the two Venturi tubes. Be- 
cause of the relatively high forward velocity which occurs in the 
Venturi throat, additional fluid is made to pass through the 
inner Venturi due to fluid impact since its exit cone terminates 
in the throat of the outer Venturi. 

Design Factors InFLvuENcING Prrot-VeNnTURI's COEFFICIENT 

It is apparent that almost any change in internal dimensions 
or angles would exercise influences of varying degree on the 
Pitot-Venturi’s coefficient. A primary requirement, however, is 
to select a design which will produce the greatest differential pres- 
sure and still keep within design proportions appropriate for this 
type of element. Experience has well proved the efficiency of 
current Venturi design, and hence the approach and exit-cone 
angles conform to present standard practice. On the other hand, 
recovery cone lengths (particularly the outside Venturi) have 
been shortened to permit the design of a more compact form. 

The differential which is developed across a Venturi tube de- 
pends directly on the square of the flow through it and inversely 
on the fourth power of the throat diameter. With this being the 
case, it is clear that the throat dimensions both in the inner 
Venturi and the outer Venturi are highly critical. Also, since 
the “boosting” effect depends appreciably on the quantity of 
fluid passing between the inner and outer Venturis, the cross- 
sectional area ratio of these two components is of great impor- 
tance. 

Various compromises are necessary from a manufacturing 
standpoint, some of which reduce the over-all differential multi- 
plying action of the element. For example, a greater annular 
area between the two Venturis at the approach would be desirable, 
but this would add unwarranted complication to the manufac- 
ture of the inner Venturi throat piece. The designed goal was a 
multiplying action of 10 compared to a Pitot tube alone with a 
velocity of 5000 fpm of air flowing at 14.70 psia and 70 F. From 
a report of the National Advisory Committee for Aeronautics,’ 
it is seen that the Badin double Venturi, which has the greatest 
multiplying action of the six different models discussed, has a 
gain of approximately 11 at this velocity. 

Multiplying action ranges from 5 to 8 at 5000 fpm in produc- 
tion models, and to bring the action up to a factor of 10, the cali- 
brating ring is used. Observing its cross section, it is seen that it 
produces an outward swirl immediately downstream from it, and 
associated with this action is a momentary drop in pressure at the 
exit area of the element. The magnitude of this pressure de- 
crease is a function of the ring’s location on the element, and Fig. 
3 illustrates the effect graphically. Because of this pronounced 
influence on the differential pressure produced, calibration can be 
obtained readily, and the importance of maintaining a high 
order of accuracy of various dimensions within the element is 
somewhat reduced. 

* “The Altitude Effect on Air Speed Indicators,” Part 1. National 


Advisory Committee for Aeronautics, Report No. 110. 
“The Altitude Effect on Air Speed Indicators,” Part I], National 
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Any disturbance to the symmetry of the velocity wave front at 
the pressure-measuring slit located in the throat of the inner 
Venturi tends to decrease the multiplying action of the element. 
It is important therefore that the slit width be held to close 
tolerances. The effect of slit width on the performance of the 
Pitot-Venturi is shown in Fig. 4. 
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For all practical purposes, it can be assumed that at any fixed 
velocity the quantity of flow material passing through the Pitot- 
Venturi remains unchanged when the inner throat diameter is 
varied slightly. As pointed out earlier, differential pressure and 
throat diameter bear a fourth-power relationship under fixed 
flow conditions, and hence the multiplying action of the Pitot- 
Venturi is similarly affected by any change in this dimension. 
Fig. 5 shows the magnitude of the loss in multiplying action as the 
bore is increased from its designed dimension. 


DeVELOPMENT OF Prrot-VENTURI FLow Equations 


The constant-energy concept used in the determination of the 
relationship between velocity and differential applies also to the 
Pitot-Venturi flow element. However, as was found in earlier 
research, the multiplying action of the element is not constant, 
and the effect manifests itself as a variable coefficient. Fig. 6 
illustrates how this action varies with velocity. Points have been 
included so that their distribution can be observed. The data 
have been obtained from a National Bureau of Standard’s report 
dated February 10, 1950. 

Plotting velocity against differential under constant density 
conditions on log-log paper, a straight line results which means 
that the equation can have the form 
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Advisory Committee for Aeronautics, Report No. 156. 
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This procedure of determining the flow equation is simple and 
straightforward. The exponent n is the slope of the line, and B 
can be found through direct substitution of test values. Other 
methods which utilize the constant-energy idea ultimately 
point to this solution, but there are a considerable number of as- 
sumptions which have to be made and hence still require actual 
flow tests. Equation [1] is applicable for any one given test 
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condition. Converting it to a form which shows the influence of 
variables associated with installations, there is obtained 


(a) For gas-velocity measurement 


123.7 Th\* 


(b) For liquid-velocity neasurement 


The flow coefficient K,, appearing in Equations [2] and [3] is 
characteristic of the Pitot-Venturi as an assembled unit. When 
n equals 0.500, K,, is a pure number. On the other hand, when 
n equals some value other than 0.500, then K,, is influenced by 
the nature of the material flowing through it. The magnitude 
of the effect depends on the difference between 0.500 and n. 

With the Pitot-Venturi flow element located at the average 
velocity position, the differential reading can then be interpreted 
in terms of volumetric units. The flow rates given are expressed 
either in standard cubic feet per hour (SCFH) (14.70 psia and 
60 F) or in gallons per minute at 60 F. 


4 


tunnel tests. 


THE PITOT-VENTU RI FLOW ELEMENT 


_ Gas flow in a duct having A sq in. area 


T G 


If duct is circular with diameter D in. 


(=) (72 ) 


Liquid flow through a circular duct of diameter D in. with rate 


I-a n 
Q, (SCFH) = 884.3 K,, A (=) (27) 


Q, (SCFH) = 694 


expressed in gallons per minute 


2.448 D* 


Q, (GPM at 60 F) = K,,(g,)'™ (5.362h)". .. [6] 


The determination of K,, and n can be accomplished by wind- 
The slope of the curve on which there is plotted the 
log of velocity versus log of differential is n exactly. The pro- 
cedure currently followed in determining K,, is initially to 
establish an exact relationship between a Pitot tube of known 
coefficient and a certified Pitot-Venturi flow element.* Using 
this certified or test Pitot-Venturi element in a wind tunnel to- 


bog gether with a Pitot tube located upstream from it, Pitot-tube 
readings can be taken tor a group of predetermined differentials 
, deve eloped by the test Pitot-Venturi unit. 


The production Pitot- 
' Venturi model can then be substituted for the test model at the 
same place in the tunnel and the Pitot-tube readings duplicated. 
Knowing n, as well as the air density, K,, can then be found by 
substituting values in Equation [2]. Typical values of K,, and 
n are 0.362eand 0.487, respectively. The importance of knowing 
n is evident from Fig. 7. Note that the error resulting from using 
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a square-root chart increases rapidly with relatively small changes 
in n. Velocity versus differential-pressure curves for air and 
water are shown in Figs. 8 and 9, respectively. Points again 
have been included to show distribution. The air tests were 
conducted at the National Bureau of Standards’ wind tunnel, 
and the water tests at the Bureau’s hydraulic laboratory. 


INSTALLATION CONSIDERATIONS 
The Pitot-Venturi flow element may be mounted through the 
side wall of a pipe as shown in Fig. 10. Fig. 11 illustrates the 


method of installing the element through a 4-in. flange opening. 
In the event provision must be made to remove the flow element 


3 Certification of test standard was made by the National Bureau 
of Standards. 
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without interrupting service in the main line, a 4-in. gate valve surface of the pipe and have a 4-in. length external to the support 
can be mounted on the 4-in. flange opening. The Pitot-Venturi flange. 
support flange can then be matched to a sbort extension leading This type of flow element should not be used in instances where 
to the valve. The flow element can be removed by loosening the gases are not completely free of condensables or when liquids 
packing gland and withdrawing the element until it is located contain solids. Because of the small clearances involved in the 
between the support flange and the gate valve. Upon closure inner Venturi throat section, this element should not be used to 
of the valve, the support flange can be removed, and the element measure steam velocities, nor should it be installed where con- 
is then exposed for observation. The length of mast is chosen tinuous purge or blowback is required. In the latter instance, 
after the method of mounting has been established. It should be back pressure developed varies rapidly with purge flow rate and 
of sufficient length so that the element can touch the opposite reflects in — variable aaa eicecmeaaes readings. 
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creasing the width of the slit in the inner Venturi throat would 
relieve this condition but, at the same time, seriously reduce the 
multiplying action of the element. 

The influence of pipe sizes on the equation relating velocity and 
differential has not been established at this writing. However, 
analysis reveals that one limiting factor is the alteration of the 
wave front immediately downstream from the calibrating ring 
as would be caused by too small a duct. A second one is the 
effective reduction of cross-sectional area as a result of intro- 
ducing the Pitot-Venturi in the flow line and thus produces a 
differential which is not predictably indicative of the true velocity 
of the fluid. At present, the recommended minimum pipe size 
is 6 in. No limitation is evident as to maximum pipe size apart 
from the physical requirements to be met when making surveys 
and providing for rigid suspension. 

The effect on the multiplying action of the Pitot-Venturi flow 
element because its axis is not parallel to the axis of flow is shown 
in Fig. 12. As is seen, a deviation angle of 5 deg is readily per- 
missible. Fluid impact and viscous drag cause the Pitot-Venturi 
to be deflected from its normal position. The effect of this is 
shown in graphic form in Fig. 13(a) and Fig. 13(6), for both brass 
and stainless-steel masts with various lengths exposed on the flow 
stream. Fig. 14 shows the deflection which would occur when the 
Pitot-Venturi is installed in a vertical pipe under no flow condi- 
tions. If the flow is downward, in a vertical pipe, values ob- 
tained from Figs. 13(a), 13(b), and 14 should be added, and if 
upward, they shouki be subtracted. Based on the assumption 
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that a 5-deg deviation between the Pitot-Venturi axis and the 
flow axis is permissible, the ratio of mast deflection to mast length 
for brass and steel should not exceed 0.031. 


Position oF Prrot-VENTURI IN FLOW-MEASUREMENT FIELD 


This element, being purely a velocity-measuring device, cannot 
be treated as a replacement for other proved flow elements. 
Instead, it takes its place among many other methods of flow 
measurement subject to review for adaptability and accuracy. 
When used in flow measurement, its location must be at the 
average velocity position, if Equations [4], [5], and [6] are to 
apply, and, since this position shifts with flow changes, the 
significance of the reading is similarly affected. At this writing, 
this type of element has proved itself useful in the measurement of 
gas flows over a temperature range of minus 100 F to plus 1700 
F. Liquid-flow applications too have proved successful with 
ducts varying in size from 8 in. to 40 in. 


ConcLUSION 


The Pitot-Venturi flow element as a fluid-velocity measuring 
device is subject to ali of the limitations of this type of primary 
element. At the same because of its ability to 
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relatively high cifferentials when compared with a Pitot tube, it 
finds useful application when flow measurement must be made 
under no-pressure-loss conditions or when pipes are of a size where 
the customary primary element such as orifice, nozzle, or Venturi 
are not practical. Its use should be restricted to installations 
where at no time will the minimum velocity when expressed at 
14.7 psia and 60 F be less than 25 fps since the points on the 
velocity-differential graph become quite scattered at lower veloc- 
ity values. The maximum velocity at which data have been 
accumulated to date is 9000 fpm flowing at 15.0 psia and 75 F. 
These latter data were not assembled under precise control condi- 
tions, and, therefore, the points have not been included in Fig. 9. 
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Discussion 


W.G. Brompacuer.‘ The data obtained by the author on the 
ratio of Venturi to Pitot static pressure against flow should also 
be plotted against Reynolds number. This procedure is well 
known. Using this method of presentation permits data for fluids 
of various densities for a given design of Venturi tube to be sum- 
marized in a single graph, and definitely fixes the point at which 
the pressure ratio starts to fall in value as a function only of Reyn- 
olds number. It is hoped that this curve can be added to the 
paper. 


C. B. Haueuton, Jr. The author has presented a very inter- 
esting discussion of a new variation of flow-measuring device, 
which is adaptable to very low fluid velocities. With his device 
special indicating instruments, such as micromanometers and 

1. draft gages, should be unnecessary for pressure measurement, as 
the magnification desired is inherent in the Pitot-Venturi element 
itself. In many applications this should eliminate much unneces- 
sary expense for special instruments. 

In the paper no mention was made of the considerations which 
led to the placing of the high-pressure holes on the downstream 
side of the mast support. Since magnification of the differential 
pressure is one of the prime advantages of this type of Venturi 
tube, it would appear that the greatest magnification possible 
would be desirable. A hole on the upstream side of the mast sup- 
port would act as an impact hole whose increased pressure would 
be proportional to the fluid density times the square of the fluid 
velocity. Presumably the increased magnification would like- 
wise be some function of this increased pressure. ~ It would be 
interesting to know if the author made any tests on the element 
with the high-pressure hole so placed. 

In Figs. 4, 5, and 12 of the paper, the trends shown by the 
curves seem to the writer to be based on scanty test data. If the 
curves had been drawn through the test points shown, the trends 
would be altered, and perhaps the test conclusions would be dif- 
ferent. In Fig. 5, for example, one more test point might confirm 
the curve shown. 

The installation shown in Fig. 11 is a useful one. Its useful- 
ness possibly could be extended if some sort of a baffle plate were 
attached to the mast support, which would cover the flange open- 
ing and be flush with the inner wall of the pipe. This plate 
; would serve to reduce the fluid turbulence around the high-pres- 
sure holes, and possibly allow the flow element to be placed much 
closer to the inner wall of the pipe without changing the basic 
calibration appreciably. 

Several additional questions might be of interest: (1) What is 
the minimum practical] size of the Pitot-Venturi flow element, 
\ and would the data presented in the paper be applicable to such a 
size? (2) Is the multiplying action shown in Figs. 3, 4, and 5, 
independent of the magnitude of the velocity? 

The author has stated: “The differential which is developed 
across a Venturi tube depends directly upon the square of the 
flow through it, and inversely on the fourth power of the throat 
diameter.” Since in a double Venturi there are two throats, it 
may be of interest to present the derivation of its flow equation in 
order to emphasize the author’s statement: 


‘Chief, Mechanical Instruments Section, National Bureau of 
Standards, Washington, D.C. Mem. ASME. 

* Aircraft Gas Turbine Engineering Division, Aircraft Gas Turbine 
Laboratory, General Electric Company, West Lynn, Mass. 
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The following nomenclature will be used: 


A; = entrance area, outer Venturi 
d, = entrance diameter, outer Venturi 
d, = throat diameter, inner Venturi 
d, = exit diameter, inner Venturi 
d, = throat diameter, outer Venturi 
g = acceleration of gravity ; 
V, = stream velocity at entrance to outer V enturi 
V. = throat velocity, inner Venturi 
V; = exit velocity, inner Venturi 


V, = throat velocity, outer Venturi 
W = fluid flow rate 
AP = pressure drop from free stream to inner Venturi throat 
p = fluid density in free stream 


The theoretical weight flow through the double Venturi is 
W = pA,V;.. | 


By Bernoulli’s theorem the change of pressure energy to veloc- 
ity energy from the stream to the inner Venturi throat is 


d, \* 
r= vex (*) 


by the continuity equation, and 


> d, 
vi(4 


since the velocity at the exit of the inner Venturi is assumed sai - 


to the velocity at the throat of the outer Venturi. Combining ‘ 
Equations [9] and [10], we have 


d, \? fd; \? 
Then if we substitute Equation [11] in Equation [8] and solve ‘ 


for the stream velocity we have 
\ 


{11} 


/ 2gAP 
= 
d, d, 
Substituting Equation [12] in Equation [7] results in the theo- ° 


retical weight flow through the double Venturi for any incom- 
pressible fluid 


d, d; 
and if we solve for the Venturi differential we have 
dy y y 
AP = _ —1 . {14 
2gA,%2p [( d, d, 


which agrees with the author’s statement that the differential 
depends upon the square of the flow and inversely on the fourth 
power of the throat diameter. Note that both throat diameters 
(dz) and (d,) show this inverse relationship, 
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It is quite true, as Dr. Brombacher intimated, that performance 
characteristics of primary elements used in flow measurement are 
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plotted as a function of Reynolds number. This procedure was 
not followed in the paper because of the special form of flow 
equations used. Specifically, the square-root relationship ap- 
_ proach has been replaced by an exponential expression which 
automatically causes the Pitot-Venturi coefficient K,, to be 
constant regardless of Reynolds number. A curve showing 
Reynolds number versus multiplying action would be important 
if the square-root law were used in the flow equations for then 
__K,, would not be constant. Previous to adopting this ap- 
_ proach, the data were examined in the light of Reynolds number, 
_ and are shown in Fig. 15. Note that the abscissa is not a pure 
Reynolds number since there is no specific diameter which can 
be used in determining it. Inasmuch as only one form of ele- 
ment is furnished, it appears satisfactory to omit the diameter 
influence. 
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In the discussion offered by Mr Haughton, a number of ques- 
tions have been raised, and they will be answered in the same 
order in which they have been presented. 

When the Pitot-Venturi element was first manufactured, the 
static pressure hole was located on the upstream face of the mast 
in order to take advantage of impact pressure. Complaints 
were soon received from the field to the effect that this impact 


The holes were 
downstream position, namely, 135 deg 


hole plugged, rendering the unit inoperative. 
then relocated to the 


measuring from the upstream face, and preliminary tests revealed 
that the unit would be satisfactory when furnished in this form. 
However, since the writing of this paper, it has been found that 
the flow equation developed for the unit was materially dis- 
turbed because of poor calibrating data, and interestingly 
enough, this condition was eliminated by restoring the static 
pressure hole to its upstream position. Apparently, the stream 
disturbance which the mast introduced had an effect on the 
static-pressure reading which differed considerably with each 
unit made. Our present practice is to furnish the element with 
the impact hole facing upstream, and if the installation is one 
which involves a high solid content, we do not recommend that 
the element be used. In the event that it must be used, the 
holes are located downstream to minimize operating difficulties. 

It is recognized that the number of points shown in Figs. 4, 5, 
and 12 are inadequate. At the same time, tests have shown that 
their distribution varies terrificly from one unit to the next, 
and therefore it seemed unnecessary to show anything else but a 
trend in each instance. 

Mr. Haughton suggested that a baffle plate be included when 
an installation is made as shown in Fig. 11. Thought was given 
to this arrangement, and we found that two difficulties presented 
themselves: (1) The installation of the baffle would prove some- 
what difficult, and (2) the baffle would interfere when attempting 
to withdraw the element from the pipe line. For this reason we 
‘located the element on the leading edge of the nozzle opening so 
as to minimize the effect of turbulence which the nozzle opening 
might introduce. 

The minimum practical size, from a manufacturing standpoint, 
which we have found is to make the unit with a 2*/, in. over-all 
length and a diameter of 1'/, in. However, we did not adopt this 
model, because the welding operation always causes some dis- 
tortion and this influenced the performance characteristics of 
the element appreciably. The size furnished is somewhat larger 
and is less affected by these changes. It might be of interest to 
know that a die-cast model was made for us which had an outside 
diameter of about '/, in. and a length of 1'/, in. Tests revealed 
that it was a poor performer and that any presence of dirt 
plugged the unit quite rapidly. 

The multiplying action as affected by design changes is not 
independent of velocity. The influence is reduced as velocity is 
reduced, and the curves given in the paper were all detcrmined 
at a velocity of 5000 ft per min. 


STOLL—THE PITOT-VENTURI FLOW ELEMENT 69 

A 

% 

= 

J 


@ 


Diffusivity of Solids at Various 
Temperatures 


By D. ROSENTHAL’ anv A. AMBROSIO,? LOS ANGELES, CALIF. 


The method under review affords a rapid means of de- 
termining thermal diffusivity and is especially suitable to 
measurements at high temperatures. The theory of 
moving heat sources is the basis for this method. When 
the theory is applied to the case of unidimensional heat 
flow in a long prismatic bar, being heated by a moving 
point heat source, an equation which permits the compu- 
tation of thermal diffusivity at each temperature is ob- 
tained. The experimental technique involves the measure- 
ment of the temperature-time history at a single point of 
the bar, using two different heat-source velocities. The 
method was tried on a commercial “yellow” brass tube, 


but the equation derived for the comp tations proved to | 


be unworkable owing to the poor accuiacy attending the 
evaluation of the first and second-order derivatives of the 
temperature-time curves. To avoid this shortcoming 
another equation was derived by assuming that the ther- 
mal properties of the bar are constant in small intervals of 
temperature. This equation gives average values of dif- 
fusivity in the small intervals of temperature, rather than 
a specific value for each temperature. This approximation 
notwithstanding, the intervals of temperature could be 
made small enough to determine the values of thermal 
diffusivity of the brass specimen in the range 100 to 
400 C with a repeatability of +3 percent. These computed 
values compare favorably with those found in the litera- 
ture. 


INTRODUCTION 


HE advent of jet and rocket-propulsion power plants has 
made the use of engineering materials more and more de- 
pendent upon their physical properties at high tempera- 
tures. Yet, there are relatively few available data regarding 
these properties. This applies in particular to the thermal dif- 
fusivity,? a quantity which appears in all problems dealing with 
transient heat phenomena. One of the possible reasons for this 
shortcoming might be the lack of rapid and adequate methods of 
measurement, especially at high temperatures. 
A survey of the available literature‘ has revealed that the cur- 
rent methods of determining thermal diffusivity have at least one 
of the following disadvantages or sources of error: 


! Professor, Department of Engineering, University of California. 
Mem. ASME. 

2 Department of Engineering, University of California. 

3 ‘Metals Handbook,”’ American Society of Metals, 1949. 

«A New Method of Determining Thermal Diffusivity of Solids 
at Various Temperatures,” by A. Ambrosio, MS thesis, Depart- 
ment of Engineering, University of California, Los Angeles, Calif., 
June, 1949. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Toronto, Ont., Can., June 11-15, 1951, of 
Tue American Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, April 
10,1951. Paper No. 51—SA-39. 


1 The thermal properties of the material are assumed to be 
constant over a wide range of temperatures. 

2 The boundary condition required to obtain relatively simple 
equations for the thermal diffusivity is physically difficult to ob- 
tain and impose. 

3 The mathematics must be simplified by approximations. 

4 Sufficiently accurate data are difficult to obtain. 


The new method, described in this paper, is believed to be free 
of most, if not all, of the afore-mentioned shortcomings. In ad- 
dition, it has the advantage of affording a rapid determination of 
thermal diffusivity, and it appears to be well suited to high- 
temperature measurements. 


Tueory 


The basic principles of the method under consideration are con- 
tained in the theory of moving heat sources developed by one of 
the authors. Briefly, the method requires the establishment of 
the temperature-time history at a given point of the material as a 
result of the passage of a heat source. 

In order to bring out the essential features of the theory, 
imagine a heat source moving at a constant velocity along the 
surface of a body and supplying a constant heat input to the 
body. Experiment shows® that if the extent of the body in both 
directions from the heat source is large as compared to the size of 
the source, and the source has been traveling for a long distance, a 
so-called “quasi-stationary” state characterized by a constant 
temperature distribution around the source occurs. That is, an ob- 
server stationed at the source fails to notice any change in the dis- 
tribution of temperature around him. This is taken into account 
in the general equation of heat flow in solids by postulating that 
the temperature is independent of time if the system is referred to 
co-ordinates moving with the heat source. 

This method of determining thermal diffusivity is concerned 
with the quasi-stationary state of heat flow in a long bar, whose 
thickness is small enough so that temperature changes in the cross 
section may be neglected. Furthermore, the heat losses from the 
surface to the surroundmg medium are assumed to obey Newton’s 
law of cooling at all points of the bar, except at the location of the 
heat source. Under these conditions, the differential equation 
of heat flow in terms of a co-ordinate system stationary with re- 
spect to the bar is 


(2) 


Z = distance from a fixed point on the bar, em Sahota: 


oZ 
6 = time, sec 


where 


* “The Theory of Moving Sources of Heat and Its Application to 
Metal Treatment,” by D. Rosenthal, Trans. ASME, vol. 68, 1946, 
pp. 849-866. 

* “Temperature Measurements in Fusion Welding,” by H. Borne- 
feld, Technische Zentralblatt far Praktische Metal Bearbeitung, vol. 43, 
1933, pp. 14-18. 
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T’ = temperature at point Z, deg C 
T,’ = temperature of surrounding medium, deg C 
k = thermal conductivity at temperature 7’, /(cal/sec cm* 
deg C/em) 
ce = heat capacity at temperature 7’, (cal/g deg C) 
p ="density at temperature 7’, (g/cm?) 
h = unit thermal conductance for surface heat losses asso- 
ciated with — T>’), (cal/sec em? deg C) 
P = perimeter, cm 
A = cross-section area, cm? 


To obtain the temperature as a function of the distance from 
the heat source, the transformaton x = Z — v8 is used. 2x(cm) = 
the distance measured from the heat source, and » (em per sec) = 
the velocity of the heat source. With this transformation, Equa- 
tion [1] becomes 

oT” 


or 


As mentioned previously, when the bar is in the “quasi- 
stationary” state,“the temperature distribution about the heat 
source is not a function of time. This condition is obtained in 


oT" 
or 


oT” 


- ) 


+ cp . [2] 


oT 
Equation [2] by setting 


06 
) 
or 

If temperature measurements are made at a fixed point Zo, on the 
bar, Equation [3] may be transformed to express the time- 
temperature relationship at this point on the bar. For this pur- 
pose let z = Z, — v6. Furthermore, by letting (7 = T’ — 7%’), 
Equation [3] becomes 

dt 

dé 


ld 
k 
v? db 
This equation may be rewritten to bring out explicitly the ther- 
mal diffusivity. Expand the left side of Equation [4], divide both 


sides by k, and define H = (Ph)/(Ak). Since by definition, the 
thermal diffusivity is a = k/(cp), Equation [4] will now become 
1 dT 


1 d(ink) (/dT\? 
+ 

v? dT \dé a 
Equation [5] provides the theoretical basis for the experimental 
determination of the thermal diffusivity a. 


= 0. Thus Equation [2] becomes 


[3] 


aT 


+ 


1 @T 


HT 
vp? d62 + 


dé (5) 


Tue Exact DererRMINATION 


In deriving Equation [5] only one assumption was made, 
namely, that the thermal characteristics of the material, as ex- 
pressed by the quantities a, k, and H, are functions of the tem- 
perature and the temperature alone. Equation [5] relates these 
quantities to the temperature and its first and second derivatives 

which can be determined from the temperature-time history as 
measured at the point of observation. In order to compute the 
three unknowns a, k, and H, three different, sets of values of 
(dT )/(d8) and (d?T )/(d6*) are required for the same temperature 7’. 

Two of these sets may be secured from one single experimental 
run, since, as may be seen in Fig. 1, the same temperature is ob- 
Pe tained twice during a run. It is obtained once during the heating 
and once during the cooling portion of the temperature-time 

In order to obtain the third set of values of (d7')/(d@) and 


wuhiaiban Since each run supplies two sets of values, an ad- 
- ditional set is available for a check. 
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This procedure appears rather simple in theory. In practice, 
however, the first and second derivatives are exceedingly difficult 
to evaluate with any degree of accuracy. Several methods were 
attempted but none was sufficiently accurate to warrant the 
tedious work involved. It must be emphasized, however, that if 
an accurate means of evaluating derivatives from experimental 
data is developed, a method of determining diffusivity at each 
temperature is available, 


After the failure of the exact procedure, an painted ate peer 
was attempted. The assumption was made that the thermal prop- 
erties of the material vary slowly enough with the temperature so 
that their change in a small interval of temperature may be 
neglected. Thus, in this small interval, the term 


1 d(Ink) a) 
v? dT \dé 


in Equation [5] may be neglected, and Equation [5] becomes 


Tue Approximate DeTeRMINATION 


1 
v? 


1dT 
a 


It is known that an equation of the form 
T = Be® 


will satisfy the differential Equation [6] in each of the chosen 
intervals of temperature. It must be remembered, however, that 
both B and 8 may be of different values for each chosen interval. 
Substituting Equation [7] into Equation [6] results in the follow- 
ing relation 


On the other hand, Equation [7] may be rewritten to read 


In T = In B + BO . {9} 
Thus, if the experimental temperature-time curves are replotted 
on semilogarithmic scales, and the resultant curves are approxi- 
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mated by a series of short straight lines, a value of 8 may be com- 
puted for each short interval of temperature. The 8 thus deter- 
mined will be a function of the temperature and the heat-source 
velocity used to obtain the data. Having two different values of 
8 for the same interval of temperature, one can determine @ and 
H from Equation [8]. This determination may be accomplished 
in two ways, (1) from a single curve, since the same interval of 
temperature is reached twice, on heating and cooling, or (2) from 
two curves, using either the heating or the cooling portion of the 
curves. This process may be formulated by means of the follow- 
ing equations 


In Ty In 


An examination of Fig. 1 shows that the slope (d7’)/(d@) is 
positive on the heating side and negative on the cooling side of the 
temperature-time curve. The same is true for 8, as may be seen 
in Fig. 2; hence, for greater precision, the determination of the 
diffusivity a should be made, using a 8 evaluated from the heating 
side of a curve in conjunction with a 8 evaluated from the cool- 
ing side of a curve. 


50 


400) 


300 


400 
TIME - SECONDS 


Fic. 2. Typicat Loc Tempgrature-Time History or Brass 
at A HeatSource Vevocity or 0.0610 Cm Per Sec 


EXPERIMENTAL PROCEDURE 


The material for which the diffusivity was determined is brass 
of the 65 per cent copper, 35 per cent zine variety, the so-called 
“vellow” brass. The experimental equipment used to obtain the 
necessary data consisted of a test specimen with the requisite 
thermocouples attached, a heat source, and the instruments to 
measure the temperature-time relation. 

The test specimen was made from a brass tube, 48 in. long, */; 
in. diam, and with a wall thickness of '/,in. Number 20 chromel 
and alumel wires were used as thermocouples. They were pulled 
through the inside of the tube, and their junctions were silver- 
soldered to the tube wall. To permit the rotation of the specimen 
around the axis, the free ends of the thermocouple wires were 
attached to slip rings immersed in mercury pools, Fig. 3. Rota- 
tion of the specimen was desired in order to insure that the heat 
input to the specimen did not vary with respect to the circum- 
ference of the tube. To complete the electrical circuit, chromel 
and alumel wires were used to connect the mercury pools to the 
recorder. 

A ring burner, designed to burn acetylene and air, was used as 
the heat source. To obtain a means of moving the heat source at 


a designated velocity, the tube was mounted in a lathe with one 
end held rigidly in the chuck and the other end supported by the 
steady rest. The ring burner was mounted in the tool post in 
such a manner that the tube was in the center of the ring and the 
plane of the ring was perpendicular to the longitudinal! axis of the 
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tube, Fig. 4. By engaging the lead screw, the burner could be 
made to move along the length of the tube. 

The voltages generated by the thermocouples on the tube were 
fed into a Brown sixteen-channel rapid recorder. 


REMARKS ON EXPERIMENTAL ProcepURE 


The major difficulties encountered in the experimental develop- 
ment of this method of determining thermal diffusivity arose from 
the fact that it is physically impossible to attain a point heat 
source. Since the cheory is valid only outside the region of the 
heat source, data obtained during the time the heat source is over 
the thermocouple are not usable. This primarily affects the 
data taken during the heating portion of the run. The distance 
from the thermocouple at which a noticeable change in tem- 
perature occurs is inversely proportional to the heat-source 
velocity. 

Thus there is an upper limit to this velocity above which all of the 
heating data are obtained during the time the thermocouple is 
beneath the heat source. On the other hand, there is also a lower 
limit to the heat-source velocity which is determined by the length 
of the specimen and the lowest temperature which is desired on 
the cooling portion of the data. 

Another consideration is the diffusivity of the specimen. The 
smaller the value of the diffusivity, the lower is the upper limit of 
the heat-source velocity. From the foregoing discussion it is seen 
that there is a definite range of useful velocities dependent upon 
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the width of the heat source and the thermal diffusivity of the 
specimen. 

Another factor which must be considered is the maximum tem- 
perature to which the specimen may be exposed. This maximum 
temperature is, of course, a function of the melting point of the 
material. Experimentally, the maximum temperature which the 
specimen attains is a function of the heat input, heat-source 
velocity, and the diffusivity of the material. High maxima tem- 
peratures will be obtained with low velocities and low diffusivi- 
ties. However, from the foregoing discussion, in order to obtain 
usable data, lower velocities must be used for materials with low 
diffusivities. Thus, unless one designs a heat source with a very 
wide range of controlled heat outputs, a different heat source may 
be needed for each material to be tested. 

A final remark on this subject is that high-frequency response- 
recording equipment is essential in order to utilize the heating 
portion of the runs made with relatively high heat-source veloci- 
ties. 


EVALUATION OF Data 


Data were obtained as curves of voltages developed by the 
thermocouple versus time. These voltages were converted into 
temperatures and the curves were replotted on semilogarithmic 
graph paper. The plotted points were then connected by seg- 
ments of straight lines, and the slope of each segment was com- 
puted. This slope is, by Equation [10], the value of 8. In this 
manner a set of 8 was determined for each heat-source velocity 
and interval of temperature. The @ in each set were averaged for 
the heating and cooling curves separately. As a measure of the 
variation of 8, the average of the standard deviation for a set of 8 
was computed. The value for the set of 8 obtained from the cool- 
ing curves at v = 0.0610 cm per sec was determined to be less 
than 5 per cent. The average 8 and the corresponding heat- 
source velocity were substituted into Equation [11] to obtain the 
values for diffusivity. 


ReEsutts 


Data were taken at four heat-source velocities. At each 
velocity several runs were made at various points on the bar to 
check the establishment of the quasi-stationary state. The re- 
maining runs were made using only one thermocouple. A typical 
temperature-time relationship is plotted in Fig. 1. From the 
data, values of diffusivity were computed at each interval of tem- 
perature by using the approximate procedure described. A plot 
of these values is shown in Fig. 5. By drawing the most probable 
straight line through the experimental points, the diffusivity of 
the brass specimen in the temperature range from 100 to 400 C 
is represented by the following equation 


a = 0.346(1 + 0.000715 7) + 3 per cent. . [12] 

A reference’ was found which presented an equation for thermal 
conductivity of yellow brass as a function of temperature from 
18C to200C. Thisequation was converted into one for ditfusiv- 
“Copper and Brass Stock List and Handbook,” Revere Copper 
and Brass a Pacific Metals Company, Ltd., Los Angeles, 
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ity by assuming the heat capacity and the density, which were 
also given, to be constant in the same range of temperatures. 
The converted equation was 


@ = 0.365(1 + 0.001 7) {13} 


Since the heat capacity of both copper and zinc increases with 
temperature,* it is presumed that the heat capacity of brass would 
do likewise and consequently the slope of Equation [13] should 
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be less than that obtained, that is, it should approach that of 
Equation [12]. 

Point values of the thermal conductivity of brass (70 per cent 
copper, 30 per cent zinc) from 0 to 400 C at intervals of 100 deg 
C were found in another reference.’ Values of the thermal dif- 
fusivity were also computed using these point values of the con- 
ductivity and the values of heat capacity and density given in the 
handbook mentioned,’ It is seen in Fig. 5 that the experimental 
values of the diffusivity lie between the sets of data obtained from 
the two references, 


CONCLUSIONS 


On the basis of the foregoing discussion it is concluded that the 
new method of determining thermal diffusivity of solids has 
definite advantages over the existing ones, especially with respect 
to the application to high temperatures. These advantages are as 
follows: 


1 The properties of the material need be assumed constant 
only in small intervals of temperature. 

2 The quasi-stationary state is easily obtained. 

3 The mathematics involved in the calculation of the thermal 
= needs no simplification and is straightforward. 


“Heat Transmission,” by W. H. McAdams, McGraw-Hill Book 
inespnane Inc., New York, N. Y., 1942. 
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oratory Corrosion Test for 


It is the purpose of this paper to show the need of a 
standard test for materials to be used in phosphoric-acid 
_ service. We propose and use a standard laboratory phos- 
_ phoric-acid test to evaluate materials for phosphoric-acid 
service. This test is explored presénting some possible 
_ difficulties and their corrections. The relation between 
the laboratory test and our field experience is presented 
and illustrated. A table of laboratory corrosion test re- 
sults is presented as a guide in selecting metals for phos- 
phoric-acid service. 


INTRODUCTION 


HOSPHORIC acid has many industrial and agricultural 

uses. It is produced by two methods: One is the wet proc- 

ess in which the phosphate rock is reacted with sulphuric 

acid, and phosphoric acid is produced by simple replacement. The 
second one is the thermal reduction process in which phosphate 
rock is reduced by carbon at about 1600 C. Under this condi- 
tion elemental phosphorus is produced which in turn is volatilized. 
- condensed, and collected under water. In peacetime, phosphorus 
is chiefly an intermediate product and is oxidized to phosphoric 

_ acid or phosphates before it has any wide industrial or agricul- 
tural application. By this method, phosphoric acid is produced 
in a pure, highly concentrated form, suitable for use in the food, 
chemical, and drug industries as well as for fertilizer purposes. 


Although about 75 per cent of the phosphorus products are used 


_ in the fertilizer industry, there are new and expanding markets 
_ for phosphoric acid and its compounds. 


In the petroleum industry, phosphoric acid is used asa cata- - 


lyst. About 15 years ago a process for the catalytic polymeri- 
_ gation of propylenes and butylenes came into use. Refiners dis- 
covered that gases from cracking units could economically be 
_ polymerized to form a polymer gasoline of high blending octane 
- value. During the last war large quantities of this poly-plant 
_ gasoline were hydrogenated to form aviation-gasoline stock. 
Orthophosphoric acid is one of the most active catalysts em- 
_ ployed in the polymerization process. Solid forms of the acid 
catalyst may consist of admixtures with kieselguhr, magnesia, 
alumina, sand, and so forth. The vessels containing the cata- 
_ lysts operate at temperatures ranging from 350 to 450 F and 
at pressures from 200 to 1000 psi. 

At ordinary room temperature phosphoric acid is not consid- 
ered as a very corrosive agent. However, at elevated tempera- 
- tures and high concentrations phosphoric acid presents a serious 
corrosion problem. According to the “Chemical Engineers’ 
_ Handbook,”* the only metals which are corrosion-resistant to 


! Metallurgist, Research Department, A. O. Smith Corporation. 

? Director, Metallurgical Research, A. O. Smith Corporation. 

3“*Chemical Engineers’ Handbook,”’ by J. H. Perry, third edition, 

1950. 

: Contributed by the Petroleum Division and presented at the 
_ Fifth Annual Petroleum Mechanical Engineering Conference, New 

Orleans, La., Sept. 24-28, 1950, of Tae American Society or Me- 
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Nore: Statements and opinion advanced in papers are to be 
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of the Society. Manuscript received at ASME Headquarters, 
January 17, 1951. 


Metals in Phosphoric-Acid Service 


By H. F. EBLING! anv M. A. SCHEIL,? MILWAUKEE, WIS. 


phosphoric acid for all concentrations and temperatures are gold, 
platinum, platinum iridium, platinum rhodium, Durichlor, and 
Duriron. Silver was found satisfactory for all concentrations 
only up to 365 F. The Hastelloys B, C, and D, and Stellites 
were found to be resistant to boiling solutions while Worthite, 
Chlorimet, Durimet 20, lead, and Monel were resistant to high 
concentrations up to temperatures in the range of 200 to 250 F. 
The ordinary 18-8 stainless steels are limited to about 150 F for 
concentrations up to 80 per cent‘ or about a 45 per cent solution at 
its boiling temperature. 

The results of a symposium are given by E. C. Fetter,* in which 
the manufacturers of corrosion-resistant materials di the 
suitability of their products for phosphoric-acid service. Re- 
ferring to the metallic materials, we find the following limitations 
set forth: 


1 Worthite, 85 per cent acid up to 250 F. 
Illium G, 50 per cent acid up to boiling. 

3 Hastelloy A, 50 per cent acid up to boiling. 
Hastelloy B, 85 per cent acid up to boiling. 
Hastelloy C, 50 per cent acid up to boiling. 
Hastelloy D, 50 per cent acid up to boiling. 
Stainless steel, solutions not over 200 F. 
Copper and copper alloys, 90 per cent up to 185 F 
Durimet T and 20, no figures given. 
Nickel, 90 per cent, room temperature. 
Inconel, 90 per cent, room temperature. 
Monel, all concentrations to 220 F. 


Another useful reference for the corrosion resistance of mate- 
rials in phosphoric acid is to be found in “The Corrosion Hand- 
book.’’* 
Many of the observations listed were based upon the limited 
data of past tests, and full limitations of some of the materials 


have not been explored. It was noted that the test conditions 
can influence the test results greatly. Some of these conditions are 
as follows: 


1 Acid purity, small amounts of acid of the halogen family 
greatly increase rates. 

2 Degree of aeration. 

3 Velocity of acid. 


In 1948, the Tennessee Valley Authority issued a report’ which 
lists materials tested in superphosphoric acid at elevated tem- 
peratures. The acid concentration used is given as 85 per cent 
PO, which is equivalent to about 118 per cent concentration in 
terms of orthophosphoric acid as shown in Fig. 1. The tempera- 
ture generally used was 485 F. According to tests made under 

* All references to acid concentration are in terms of orthophos- 
phoric acid unless otherwise indicated. 

* “Corrosion Forum,” by various authors, Chemical and Metallurgi- 
cal Engineering, vol. 53, July, August, and September, 1946,. 

* “The Corrosion Handbook,” by H. H. Uhlig, The Electrochemical 
Society Inc., New York, John Wiley & Sons, Inc., New York, N. Y., 
1948, p. 783. 

’ “Development of Processes and Equipment for Production of 
Phosphoric Acid,” by M. M. Striplin, Jr., Tennessee aad Author- 
ity, amines Report No. 2, Wilson Dam, Ala., 1948 
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these sditidias the following metallic materials were found to be 
satisfactory: 


Material 
1 Tantalum 
2 Hastelloy B 


Corrosion rate 
8 mils penetration per year~ 
11 mils penetration per year 


3 Sterling silver 12 mils penetration per year 
4 Hastelloy A 23 mils penetration per year 
5 Hastelloy C 35 mils penetration per year 
6 Hastelloy D 35 mils penetration per year 
7 Chlorimet 2 39 mils penetration per year 


8 La Bour R-55 40 mils penetration per year 


Satisfactory materials were those which had corrosion rates 
below 50 mils penetration per year. Here again we observed 
that the conditions of exposure influence the corrosion rates. 
Some tests were made in actual pilot-plant operation while others 
were made in the laboratory. Some specimens were exposed to 
static solutions while others were moved at various velocities or 
in agitated solutions. 

From the data presented, we can see that there is a wide varia- 
tion in the corrosion resistance of metallic materials and also 
variations in a particular material tested by different investiga- 
tors. It is the purpose of this paper to set up a standard labora- 
tory testing procedure for testing these metallic materials. It 
was noted in our past experience that there may be a very great 
variation in corrosion resistance in a particular type of alloy 
composition. For instance, in the proposed laboratory test, 
using phosphoric acid, we have tested a large number of type 316 
heats to be used in phosphoric-acid service. Some heats had 
corrosion rates in the order of 2.50 inches penetration per year 
(IPY), while others were as low as 0.300 IPY. The wide range 
of results on this type of material was apparently due to residual 
elements which normally are thought of as unimportant. This 
will be presented later. 
establishment of a standard test for 


tt would sails a gage with which one could measure whether a 
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heat of a particular material was superior or inferior in corrosion 
resistance or if fabrication procedures altered its corrosion resist- 
ance. This test would have a similar role as the boiling nitric- 
acid test used in determining the corrosion resistance of austenitic 
stainless steels. It is well known that a laboratory test cannot 
select an alloy for a particular service condition, but it can pro- 
vide a standard for testing the relative corrosion resistance of 
various heats of the alloy and the effects of fabrication procedures 
on them. 

About 12 years ago the authors’ company fabricated a number 
of alloy-lined vessels which were used for a gas-polymerization 
process using phosphoric acid as a catalyst. Type 317 material 
was used as the alloy for this service. At that time we used a 
phosphoric-acid test to select heats and to establish a fabrication 
procedure which would not impair the corrosion resistance of the 
material. A maximum of | in. per year penetration was set up 
as a standard for these vessels. During the last few years we 
have fabricated more of these vessels and received a number of 
inquiries concerning alloys for phosphoric-acid service. This led 
to the establishment of a standard testing procedure. 

The phosphoric-acid test now used in our laboratory is as 
follows: 


Test Procepure 


Preparation of Sample. The size of the specimen generally 
used for this test is approximately 2 in. long, 1 in. wide, and the 
full thickness of the supplied sheet. The identification of the 
sample is stamped at one end of the specimen. Any necessary 
heat-treatment of the sample should be carried out at this point. 
The specimen is then ground and polished to a 180 aloxite finish. 
Care is taken so that the specimen does not have cold-worked 
edges caused by shearing or overheated areas caused by pro- 
longed or excessive grinding. New aloxite paper or cloth should 
be used for each alloy in order to prevent possible surface con- 
tamination. Mic ‘rometer measurements are taken of 
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‘ae le . specific gravity of 1.71 and boils at 160 C (320 F). 


Test Procedure. 


the assembly placed on the hot plate and brought to boil. 
time is taken when the acid begins to boil. 


dela and ‘Supplies. The apparatus consists of the 
standard corrosion equipment in which a wide mouth 1 liter Pyrex 
ethene syer flask is used. The condenser for the apparatus is 
the cold-finger type. The specimens are introduced and taken 

_ out of the acid by means of a small glass basket as shown in Fig. 2. 


Fie.2 Rem w From Acip SOLUTION 
_A standard electric hot plate is used to furnish sufficient heat so 
- that the acid gently boils throughout the testing period. Baker's 
2 P. 85 per cent orthophosphoric acid is used. This acid has a 
No substitu- 
The amount of ac cid und 
4 

- minimum id 60 ml of acid per sq in. of Ba et: is used, 

The specimen is placed in a glass basket and 
_ is introduced into the cold acid, the condenser set into position, 
The 
The time for one 
_ period or boil is 24 hr. At the end of the period the specimen is 
removed from the hot acid and washed in warm water. The 
_ specimen is dried by an air blast and again weighed to the nearest 
— milligram. Only one specimen is run in each flask and fresh 
acid is used for each test period or boil. On most materials 
_ three 24-hr periods are generally sufficient to establish a uniform 


 eorrosion rate. 


Calculation of Corrosion Rate. The penetration in inches per 
_ year is calculated for each period from the following formula: 
WwW 
1.92 Dr ArT 


Corrosion rate 
in IPY 


where 
IPY 


inches penetration per year 

loss in weight in milligrams expressed as a whole num- 
ber 

density of material 

area, 8q in. 

= time, hr 


D 
A 
7 


For an 18-8 alloy (density about 8) with the standard 24-hr 


period the formula becomes 


Miigrame lest 
365 X area 


Special Comments. It is absolutely necessary that the acid be 
kept boiling gently (approximately 160 C) ) ae the test, 


IPY = 
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acid at a lower temperature will reduce appreciably the corrosion 
rate. It is recommended that a temperature reading be made at 
the end of the period to determine any change in the boiling 
point during the test. 

The reflux condenser should be kept clean and fully inserted in 
the mouth of the erlenmeyer flask. Enough water should flow 
through the condensers to keep them cold to the hand to prevent 
leakage out of the top of the condenser. Loss of vapors by using 
poorly fitted condensers will cause a rapid increase in the acid 
concentration and its resulting boiling temperature. 

Precautions should be taken against the possibility of flask 
reakage with the consequent spilling of hot acid, and flasks 
hould be inspected for cracks before using. Rubber gloves are 

advisable when handling the hot acid. 

Only phosphoric acid meeting Baker's analyzed quality and 
ACS standards shall be used. ACS standards are as follows: 


Assay——not less than 85 per cent H,sPO, 

Chloride (C1)—-not more than 0.0005 per cent 

Nitrate (NO;)—to pass test (limit to about 0.0005 per cent) 

Reducing substances (SO2)—to pass test 

Sulphate (SO. — not more than 0.003 per cent 

Volatile acids (as acetic)—-not more than 0.0015 per cent 

Alkali and other phosphates—not more than 0.20 per cent as sul- 
phates 

Arsenic (As)——not more than 0.0002 per cent 

Heavy metals—not more than 0.001 per cent as lead 

Iron—-not more than 0.005 per cent 


or Tests 


, We have made a large number of tests of ELC type 316 alloy 
in the phosphoric-acid procedure outlined. It was found that 
when good laboratory technique is employed with proper equip- 
ment, individual test-period results would not vary more than 
+10 per cent of the average of the test periods. However, when 
we were required to make a large number of tests within a limited 
time, it was found that only about 75 per cent of the tests were 
within the 10 per cent variation limit. Almost all the tests 
were within a +25 per cent variation. The reason for the wider 
variation under these test conditions was essentially the lack of 
control of the test temperature. Hot plates which were used 
and found satisfactory for other laboratory tests sometimes were 
found to be unsatisfactory for the phosphoric-acid test. Be- 
cause of the high boiling temperature of the test solution some of 
the hot plates did not have sufficient capacity to keep the solu- 
tions boiling at all times. It was found that only slight drops in 
the line voltage would be sufficient to cause the solutions to stop 
boiling. This condition caused lower corrosion results. 

The other difficulty was to prevent an increase in the tempera- 
ture of the test solution. Since it was impossible to pair a par- 
ticular flask with a condenser, there were occasions when an un- 
usually large neck flask was used with a small condenser, The 
poor fit would allow some of the water vapor to escape from the 
test solution, thus concentrating the acid and raising the boiling 
point of the solution. This condition caused the higher corrosion 
results. This is the reason why a boiling-point determination 
was recommended at the end of each test period. 

In spite of these difficulties, we found that the results of in- 
dividual tests were within an acceptable range. When a large 
variation occurred in one of the periods in a test, a fourth period 
was run to verify the other two periods. 

Not all materials show the tendency to establish a uniform cor- 
rosion rate over three periods like the type 316 and 317 alloys. 
A few test results on a heat-of 27 per cent Cr alloy showed that 
there was a rapid increase in the corrosion rates from period to 
period, while the results on deoxidized copper showed a tendency 
to decrease from period to period. 

Further tests on the reproducibility of this test were made with 
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the co-operation of one of the producers of low-carbon type 316 
alloy. Since some of this alloy was purchased on the basis of the 
phosphoric-acid test, it was necessary that both the producer and 
consumer of the alloy could agree on the test results. Table 1 
shows a series of results made by the two laboratories. 


HOSPHORIC-ACID CORROSION- 
RESULTS 


ELC Type 316 Material 
Tested in As Annealed Condition 
Tested at 


Gage Rates in 1.P.¥. 
Pa.2 


Pa.3 


a 


546 
448 
613 


461 


BE 


oo 

eerr 


“1 
473 


& 


661 
552 


orr 


SEE SEER SEE 


~ Nore: Laboratory A refers to the steel vendor's results. A.O.S. refers 
to A. O. Smith Corporation Laboratory tests on similar materials. 

Another point of interest to us concerning the reproducibility 
of the test was the determination of the variation in corrosion re- 
sistance within a particular heat of alloy. Figs. 3, 4, and 5 show 
the frequency distribution of a large number of tests on the par- 
ticular heats. Figs. 6 and 7 show the frequency distribution of 
13 heats of type 316 material made by one producer having simi- 


Jar analysis. With the amount of data presented we believe 


there is sufficient evidence that the phosphoric-acid test can pro- 


Meat A, ELC Type 316. No. 


of Sheets 65, Grand Ave. 


vide reproducible results and can become a workable procedure 
in selecting acceptable materials for service in that medium. 

Pure phosphoric acid attacks most of the austenitic stainless 
alloys by general corrosion. We have not observed any inter- 
granular type of attack on ELC type 316 heats. Even standard 
type 316 and 317 alloys in a sensitized condition (precipitated 
carbide) never showed intergranular corrosion. 

This is in opposition to the findings of Mears, Larrabee, and 
Fetner,* who stated that the attack of sensitized type 316 was 
generally intergranular in nature.® 

In fact, it was observed that the corrosion characteristics of 
most of the low-carbon type 316 alloy heats did not change ap- 
preciably over a wide range of heat-treated conditions. There 
was a trend that stabilizing stress-annealing treatment at 1550- 
1650 F slightly improved the corrosion rates in some heats of 
low-carbon type 316 alloy. This heat-treatment showed lower 
corrosion rates when used on standard type 316 and 317 alloys 
than when the same alloy was fully annealed. Examples of this 
trend are as follows: 

Average 
penetration 
after 1550 F 


15 hr AC, 
IPY 


= 0.449 

* “Comparative Corrosion Resistance of Stainless Steels in Various 
Acids,”’ by R. B. Mears, C. P. Larrabee, and C. J. Fetner, Symposium 
on Evaluation Tests for Stainless Steel, Special Technical Publica- 
tion No. 93, American Society for Testing Materials, p. 183. 

* Apparently a difference of opinion exists on what is implied by 
the description of intergranular attack. We admit that the grain 
boundaries are more severely attacked and the surface is roughened. 
However, the attack does not proceed far enough to loosen grains and 
could not be described as “‘sugaring.” In addition, no intergranular 
cracking was observed after bending the specimens. 


Average 
penetration 
annealed, 
IPY 
0.826 
0.451 
0.501 
0.513 


0.449 I.P.¥. Individual Teat Periods 


Number of Teste 


Corrosion Rates in I.P.Y¥. 


. 450 


Average of 3 pde. 


550 -600 


for each sheet. 


- 650 +700 
Cross hatched. 


Fic. 3. Frequency Disrrisvtion or Corrosion Resuuts tn Bortine 85 Per Cent Paospsoric 


Acip 


BER, 1951 
a -140* 451.45 
| 
140" | +540 58 | 
un 1.88 ‘ 
a = Cu 0.24 
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feat 8, ELC Type 316, Mo. of Sheets 70, Grand Ave. 0.512 1.P.¥., Individuel Test Periods 


Number of Teste 


Z 


Corrosion Rates in I.P.¥. Average of 3 pds. for each sheet. Crosse hatched. 


Fic. 4 Frequency Distrarsution or Corrosion Resutts tn Boriine 85 Per Cent Puospnoric 
' 


Heat C, ELC Type 316, No. of Sheets $7, Grand Ave. 0.473 I1.P.¥., Individual Test Periods 


Number of Teste 


NINN 


— 

Corrosion Rates in I.P.¥. Average of 3 pds. for each sheet. Cross hatched. 


N 
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BLC Type 326, 423 Liner Sheets - 36" = 120* = .109*, 13 Heats, Ave. of 3 Periods for Each Sheet 


100 


Humber of Teste 


-500 -550 


Corrosion Rates in I.P.¥. 


Fic. 6 Frequency Distrisution or Corroston Resvutts tn 85 Per Cent Puosrnonic 
Actp 


ELC Type 316, 423 Liner Sheets - 36% = 120° = .109", 13 Heats, Individual Test Periods 


— 


Number of Tests 


- 500 550 -600 
Corrosion Rates in 1.?.¥. 


Fie. 7 Frequency Distrisution or Corroston Resutts tn 85 Per Cent Acip 


Tue Errect or Copper ment. Typical corrosion rates on material supplied by the two 
At the outset of the corrosion testing of low-carbon type 316 Producers are shown in Table 2. 
alloy in phosphoric acid, it was noted that one producer of alloy The usual analysis of each heat is shown. It is tu be noted 
consistently met the required corrosion rate of 1 in. per year that the standard analysis of elements of the heats did not give 
maximum, while a second producer could not meet the require- a clue as to their corrosion resistance in phosphoric acid. Some 
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TABLE 2 PHOSPHORIC-ACID TEST RESULTS ON ELC T316 MATERIAL FROM TWO 
PRODUCERS 


Phosphoric Acid Test Results 
Annealed Condition--I.P.1. 

Pa.2 Pa.3 ave. 
1.60 1.68 1.80 1.59 
1.85 1.@ 1.0 
1.77 1.37 1.63 
2.16 - 


3 
s 


Corrosion Rate in 1.P.¥ 


Errect or Copper 1n Low-Carson Type 316 ALLoy Sueets on Corrosion ResisTance as 


s 1.0 


DererMiInep BY PHospHoric-Acip Test 


_ time later, spectrographic means were employed to determine the 
extent of residual elements in the alloy. The most suspicious 
residual element found was copper. A wet analysis of copper 
_ was made on each of the heats. This revealed that heats con- 
taining about 0.2 per cent or more of copper showed very good 
corrosion resistance in phosphoric acid. The copper analyses 
are shown in the last column of Table 2. Thus it is apparent 
that the residual-copper content is the important factor influenc- 
_ ing the phosphoric acid corrosion resistance of type 316 material 
as shown in Fig. 8. 
In order to confirm these results for weld metal, a series of tests 
_ were made on weld deposits made with 25 per cent Cr—20 per cent 
_ Ni-3 per cent Mo electrode with varying additions of copper. 
These results confirmed the importance of copper additions on 
the corrosion resistance of the weld deposits. Table 3 shows 
: these results which are also shown in Fig. 9. 
The mechanism which causes the copper to impart superior 
- corrosion 1 e to phosphoric acid is not known. Copper 
metal itself has a corrosion rate of about 2 in. per year, according 
te this test. It is probable that the copper Sertifies the passive 


film on the surface of the metal. The same reaction occurs in 
the well-known Strauss test for austenitic stainless steels in which 
copper ions are added to a sulphuric-acid solution. The copper 
ions apparently inhibit the attack on material having a chro- 
mium content over a certain critical value (about 12 per cent) 
but not on the metal containing lesser amounts of chromium. 
Thus an annealed alloy will show no attack in this solution while 
sensitized alloy will be attacked intergranularly where there is a 
chromium depletion caused by carbide formation. 

With this in mind, a series of tests were made using 85 per cent 
phosphoric acid with varying amounts of copper ions present. 
The presence of very small quantities of copper in the phosphoric 
acid remarkably reduced the corrosive attack of the acid on the 
type 316 alloys. These results are shown in Table 4 and also in 
Fig. 10. Similar effects were found in sulphuric-acid solutions by 
Kiefer and Renshaw.'® 

Numerous tests were made using the copper-inhibited phos- 

“The Behavior of the Chromium Nickel Stainless Steels in Sul- 


furie Acid,” by G. C. Kiefer and W. G. Renshaw, Corrosion, vol. 6. 
— 1950, p. 235. 
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TABLE 3 as OF COPPER IN 25 PER CENT Cr, 20 PER CENT 
1,3 PER CENT Mo WELD DEPOSITS 


Phosphoric Acid Test Results in I.P.¥, 
Pa. 1 Pa. 2 


Treatment 


As welded (1) 1.61 1.48 


Sensitized (2) 1.96 


Stabilized (3) 1.19 


0.27% Cu 
0.27% Cu 
0.27% cu 


As welded (1) +645 


Sensitized (2) 
Stedilized (3) 
0.448 Cu 


As welded (1) 


0.44% Cu Sensitized (2) 


0.448 Cu Stabilized (3) 
0.72% Cu 


0.72% Cu 


te welded (1) 
Sensitized (2) 


0.724 Cw Stabilized (3) 


RE REE EES 


1.008% Cu as welded (1) 


1.008 Cu Sensitized (2) 


1.008 Cu Stabilized (3) 
3.008 Cu 


3.00% Cu 


as welded (1) 
Sensitized (2) 
6 3.005 Cu 


Stabilized (3) 


(1) Deposit made seven beads wide and seven layers high 
(@ Gensitized at 1260°F., 2 hours, furnace cooled 


Stedilized at 1625°F., 2 hours, heated and cooled between 
stainless plates. 


1/2° and 


TABLE 4 EFFECT OF COPPER IONS IN PHOSPHORIC ACID 


Corrosion Rates I. Y. 


Test Solution Pa. 


+ 85% phosphoric acid, no copper ions 2.36 2.86 2.71 


+ 864 phosphoric acid, .0014 Cur+ 13 


+ 854 phosphoric ecid, .01% Cure 


+ 854 phosphoric ecid, .1% Cur? 088 +067 


Material - Low Carbon Type 316 Annealed Condition 


ABLE 5 EFFECT OF SENSITIZING HEAT-TREATMENT ON 
MATERIALS TESTED IN -INHIBITED PHOSPHORIC 


Corrosion Rates In I.P.T. 
Material Pa. 3 


Test Solution Pa. 1 Pa. 2 ave. 


Stand. T3216 854 Cure 6068 -878 


Stand. T3916 854 ,PO, + 0.001¢ curs = 079 -087 


All Materiel Sensitized at 1250°F. for 2 Hours air Cooled 


It is noted that the corrosion resistance of the low-carbon type 
316 alloy was not impaired by the sensitizing treatment. The 
standard type 316 alloy did not perform as well with the phos- 
phoric acid containing 0.1 per cent Cu*+* as with the acid with 
the 0.001 per cent Cu**. It was noted on this particular test 
using the acid with the 0.1 per cent Cu** that there was an exces- 
sive plating of copper on the specimen which appeared to peel 


Copper 


1.00 1.50 


Corrosion Rate I.P.Y. 


Fic.9 Errect or Copper in 25 Cr, 20 Ni, 3 Mo Wetp Deposits on Corrosion RESISTANCE AS 
DeTerMINED BY PHospHoRic-Acip Test 


phoric-acid solutions on sensitized materials. These were made 
to determine if the copper ions were effective in inhibiting the 
attack on severely sensitized alloy. For these tests the low- 
carbon and standard type 316 alloys were used. The alloys were 
sensitized at 1250 F for2hr. The test results are shown in Table 


off at intervals. This action was not noticed on other specimens 
using this acid solution. 

The success of the copper-inhibited phosphoric acid on type 
316 alloys led to tests on other materials. One test using type 
304 material showed that only the acid containing 0.1 per cent 
Cu** was successful in producing an inhibiting action. 
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Rate Rate Rate 
2.64 1PY 0.205 1PY 


Fre. 10 Corrosion Tests 1n Bortinc 85 Per Cent 
Inpicatep AMouNTSs oF Copper Ions 
(ELC type 316 alloy with very low residual copper.) 


16.4 5.20 


Fic. 11 Psospsoric-Actp Corrosion Tests 1n 85 Per Cent Puospnoric Acip Wits 
Inpicatep Amounts or Copper Ions 
(ELC type 304 alloy with very low residual copper.) 


eee eee ON TYPE 304 MATERIAL PHOSPHORIC CID  tgining 3.36 per cent copper, (b) an ELC type 316 heat contain- 
Gocciainitininies tn tiie. ing 0.25 per cent copper, and (c) an ELC type 316 heat containing 
Cont 2 2 Pa. Ave. 0.04 per cent copper. Specimens were prepared from each 
80% F,PO, + 0.1% cure alloy and tested in the annealed condition. For this investiga- 
tion the 85 per cent phosphoric acid was brought to the boiling 
point before placing the specimen in the solution. At the end of 
a predetermined time each specimen was taken out of the test 
solution, washed in warm water, dried, and weighed as quickly 
Material - RLC Type 304 - annealed Condition as possible and immediately replaced in the same boiling test 
solution. 
The times of exposure to boiling acid were selected as one 5- 
_ Other metallic ions were added to the phosphoric acid to de- _ min period, one 10-min period, one 15-min period, and one 30-min 
termine whether they would have the same inhibiting action dis- period. Then separate 1-hr periods were followed for a total of 5 
: x played by copper. Silver, cadmium, and tin ions were added to or 6 hr. This was finally followed by one 17 or 18-hr period to 
os phosphoric-acid solutions and tested with type 316 alloy. Only _ finish up, giving a total of 24 hr. 

silver displayed an inhibiting action similar to copper. Cad- On preliminary tests it was found that when the interval be- 
= - mium and tin did not show any inhibiting effect, Fig. 12. tween weighings was too long, erratic corrosion rates resulted. 
Since copper was shown to be a powerful inhibiting agent in It appeared that this was caused by a change in the surface con- 
phosphoric acid, it was important to investigate the effect of dition of the specimens during the time they were exposed to air. 
copper in the test solution during a 24-hr period. To do this The usual time consumed during the weighing intervals did not 

(a) Carpenter No. 20 heat con- exceed 5 min. 


* 0.001% Cur+ 5.20 7 


+ 656 BPO, + 0.0001 Cur+ 6.30 -- 


three alloy heats were chosen; 


at: A 


A 
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0.1% Silver+ 


Rate Rate 


3.35 IP 


0.1% Cadmium++ 
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O. 18 
Rate 


6.30 IPY 
(i Pd.) 


Prospnoric-Acip Corrosion Tests tn Bortinc 85 Per Cent Acip Wits 
Inpicatep Amount or Ions 
(ELC type 316 material with very low residual copper.) 


Corrosion Rate 1.P.¥. 


4 


Time in Hours 


— 
. 13 Corrosion or Carpenter No. 20 ALttoy—3.36 Cu—in Borne 85 Per Cent Puospnortc Actp Durtne 
a 24-Hr Test 


The copper content of these alloys is low enough to be con- 
sidered in solid solution, and thus it is assumed that as a speci- 
men dissolves, the ratio of the elements in solution is identical to 
the ratio of the elements in the alloy specimen. 

With this procedure, the accumulated corrosion rate and copper 
content of the test solution were plotted foreach alloy. Fig. 13 
of the Carpenter No. 20 alloy shows the highest corrosion rate 
during the first 5 min of the test. As the copper content of the 
solution builds to 0.0001 per cent, the corrosion rate decreases. 
At about 0.00015 per cent copper in the test solution, the in- 
hibiting action upon the phosphoric acid is apparent, and with 


per content type 316 stainless shows a remarkable decrease in 
corrosion rate as the copper content of the solution builds up to 
0.0001 per cent. As the copper content increases up to 0.0004 
per cent there is an additional decrease of the corrosion rate. 

Fig. 15 of a type 316 stainless with only 0.04 per cent copper 
shows an increasing corrosion rate during the first hour of expo- 
sure or until the test solution builds up to 0.00005 per cent 
copper. As the copper content increases in the test solution up 
to about 0.0004 per cent, there is a continuous decrease of the 
corrosion rate. 

It will be observed from these data that there appears to be « 
trend in the corrosion-rate results, depending on the copper con- 


tent in the solution as well as the copper in the alloy. For an 


— 
| 
| 
if 
| 
\ 
copper the solution between 0.00025 and 0.0009 
sate fe not appre hanged. Fig. 14 
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Ca** in Test Solution 


Corrosion Rate 1.P.¥. 


6 


Time in Hours 


4 


3. 14 Corrosion or ELC T316 Attoy—0.25 Cu—1~ 85 Per Cent Puospnoric Actp Durine a 
24-Hr Test 
J 


-0005 10 


Cut? in Test Solution 
Corrosion Rate 1.P.¥. 


Time in fours 


15 Corrosion or ELC T316 Attoy—0.04 Cu—in Bortine 85 Per Cent Poospnoric Actp Durtne a 24-Hr Test 


ee 

a 
? 

j 

J 

1.80 
Cr 18.52 
wi 12.00 
te Cu 0.04 
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alloy with about 3 per cent copper, we find that approximately 
0.0003 per cent copper is needed in the phosphoric acid to produce 
effective inhibiting action. For an alloy with about '/, per cent 
copper, it is estimated that between 0.0005-0.001 per cent copper 
in the phosphoric acid will produce the lowest corrosion rates. 

The effects of the inhibiting action of copper ions in aqueous 
acid solutions as well as other metallic ions should be explored 
more fully as these undoubtedly will affect the corrosion results 
in sulphuric acid as well as phosphoric acid. 

From the foregoing observations, it is apparent that copper- 
bearing stainless alloys will exhibit high corrosion resistance only 
in service applications in which corrosion products are allowed to 
accumulate. In applications where corrosion prodfcts cannot 
be accumulated, it is quite reasonable to expect that the ultimate 
in corrosion resistance from copper-bearing stainless alloys would 
not be obtained. This fact also limits the accuracy of this corro- 
sion test, but the same condition is inherent in all laboratory 
corrosion tests. This emphasizes the importance of selecting 
materials based upon actual service conditions rather than in 


_ laboratory corrosion tests. 


CoMPARISON OF LABORATORY AND FIELD TESTING 


In the paper so far we have described a laboratory phosphoric- 


acid test and many factors which may influence the test results. 


As was mentioned before, a laboratory test cannot select a 
material best suited for a certain process. It must be remembered 
that the only way a material can be selected for a certain process 
is by experience or by exploring materials in a controlled corro- 
sion-testing program in the original equipment or in pilot-plant 
operations. Once the alloys which are suitable for the process 
are known, the variation from heat to heat of any alloy may be 
determined by the laboratory test. 

It was noted that in the manufacture of phosphoric acid where 


-_wery high concentrations of acid are handled, Hastelloy A, B, C, 
and D, tantalum, Chlorimet 2, La Bour R-55, and sterling silver 


were satisfactory materials. However, in a catalytic process 
using 65 per cent phosphoric acid under pressures of 1000 to 
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1350 psi and temperatures in the range of 500 to 600 F, only 
silver, copper, and some copper alloys were satisfactory. In a 
chemical process in which corrosion samples were exposed, it was 
found that copper and some of the copper alloys were not corro- 
sion-resistant. However, type 316, 430, and a 27 per cent Cr 
alloy appeared to be very good. Hastelloy B alloy had only a 
fair resistance to corrosion. Thus, in these three processes where 
phosphoric acid was the principal corrodent, there was little 
agreement in selecting a good corrosion-resistant material. Some 
of the reasons for the disagreement are as follows: 


1 Concentration, temperature, and pressure of the phosphoric- 
acid solutions influences the corrosion resistance of the material. 

2 Small quantities of reducing mineral acids and the occur- 
rence of formation of organic acids influences the corrosion re- 
sistance of the material. 

3 Stagnant liquids or solids in contact with the surface of the 
material can cause localized attack or pitting. 

4 Agitated or flowing solutions of phosphoric acid can cause 
a serious problem of erosion together with corrosion. 


Field inspection reports on several company fabricated alloy- 
lined vessels, which were used in a gas-polymerization process, 
indicated that the type 317 alloy was subject to pitting attack. 
This type of attack probably was caused by a tarry or cokelike 
residue on the stainless alloy which is formed during operation. 
This residue acts like a sponge and tends to hold the phosphoric 
acid in close contact with the stainless lining, causing localized 
attack. These pits were repaired by welding during the inspec- 
tion period. Later in the life of these vessels an intergranular 
type of failure became a serious factor which eventually caused 
vessels to be removed from this operation. 

In the 7 years these vessels were in service, the only major 
change made was in the bottom heads. The original lining of 7/4 
in. thickness in the bottom head of each vessel was replaced at 
the end of the first year with a much thicker alloy lining. During 
the 7 years, the vessels were in operation 80 per cent of the total 
time. The 20 per cent time lost includes regeneration and re- 


‘TABLE 7 CORROSION RESISTANCE OF SOME METALS TESTED IN BOILING 85 PER CENT 
7 PHOSPHORIC-ACID SOLUTION 


Material Analysis 
Tantalus 
Rastelloy B 
Bastelloy 8 
Silver 
Fastelloy 
Carpenter 20 


Tantalus, pure 

-10C, 64.6 Ni, 30 Mo, 5.0 Fe 
-09C, 66.3 Ni, 28 Mo, 4.7 Fe 
Silver, pure 

-O5C, 64.9 Ni, 29 Mo, 5.2 F 


1.0 Cb 
Ampeo 6 91.08 Cu, 2.0 Fe, 6.62 al 
Tiliue 
Duriron 
U731 (German alloy) 
Durimet T 
Worthite 
Fastelloy 


*N.A. .08C, 


-O7C, 19.0 Cr, 22.0 M1, 3.5 Mo, 
-O7C, 17.0 Cr, 
1.6 Co 
-O7C, 16.3 Cr, 14.5 M4, 
-07C, 23.9 Cr, 12.8 M4, 
-06C, 17.2 Cr, 53.4 M1, 
+A. 85 N41, 3 Cu, 2 Al, 10 
-O8C, 21.9 Cr, 44 6.3 Mo, 
-13 Cu, 1.4 Cd 
17.7 Cr, 14.2 Ni, 2.0 Mo, 
26.2 Cr, .74 M4 
22.9 Cr, 12.6 Wi, 1.3 Mo, 
-49 Wm, .37 Si, 18.6 Cr 
18.8 Cr, 10.6 Ni, 3.3 Mo 


52.5 Mi, 


Areco 17-14 Cu Mo 
Crucible 
Rastelloy C 
Hastelloy D 
Rastelloy F 


EL° Type 316 
Type 446 
Crucible 80,c 
Type 430 

Type 317 
fverdur 
Copper 
Carpenter 3 
ELC Type 316 
Hastelloy 


-21c, 19.6 Cr, 

-O3C, 18.1 Cr, 11.4 M1, 2.4 Bo, 
°W.A. 59 20 Mo, 20 Fe 

-O7C, 1.0 Mn, 66.8 Ni, 29.7 Cu, 
96.9 Ni, 0.2 Fe 

-23C, 24.6 Cr, 2.4 Mi, 1.3 Mo 

Inconel & -06C, 14.6 Cr, 78. 

Inconel B -04C, 17.0 Cr, 75.0 Mi, 7.3 Fe 
Type 405 
*N.A., Nominal analysis 


e 
-O5C, 1.08 $1, 20.30 Cr, 28.71 Hi, 2.38 Mo, 3.4 Cu, 


*N.A. 24 Cr, S681, 4 Wo, 8 Cu, 20 
-35 Mn, 14.5 81, 85 Fe 
-O7C, 23 Si, 14.06 Cr, 18.48 M1, 


19 Cr, 24 Ni, 3 Mo, 2 Cu, 3 
16.7 ¥o, 4.9 ¥, 6.0 Fe, 


2.5 Mo, 3.1 Cu, .56 Cb, 2 Ti 
17.2 Wo, 4.3 4, 5.9 Fe, .4 Co 


+7 Ta, .4 Co, 22.5 Fe, 


-09C, .45 Mm, .32 12.3 Cr, . 


Penetration Rate I.P.T. 
Pa. 2 Pa. 


4.06 Wo, 3.62 Cu 
1.0 cu 


538382 25333 


1.2 Cu 


-32 Cu 


000 
00s 
004 
006 
068 
050 
056 
058 
-103 
109 
156 
130 
157 
139 
156 
-229 
432 
272 
505 
670 


1.2 Cu, 
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placement of the catalyst, inspections, and necessary repairs. 

From this experience, it is noted that the corrosion resistance 
of the material in this process was considerably better than that 
which was indicated by the phosphoric-acid test. It is believed 
that recent vessels fabricated of the extra low-carbon type 316 will 
display better corrosion resistance to phosphoric-acid attack, and 
also greatly lessen the possibility of intergranular attack which 
caused the ultimate failure of the alloy with the higher carbon 
contents. 

Table 7 presents a list of metals which were tested in our lab- 
oratory in accordance with the proposed phosphoric-acid test. 
It was noted that considerable differences were found in the corro- 
sion resistance of heats in a particular type of metal. This 
stresses the need of a standard test. From our experience we 

_ found that the corrosion rates obtained by the phosphoric-acid 
_ test are very much higher than those obtained on the same mate- 
rials exposed to the conditions occurring in various processes. 
‘ _ this respect the phosphoric-acid test must be considered as an 
aecelerated laboratory test. 
It was noted that there was good agreement between the tests 
made with superphosphoric acid (85 per cent P,0;) at 485 F 
made at the TVA pilot plant and our boiling 85 per cent phos- 
_ phoric-acid test. This agreement existed on the highly resistant 
—_ The lower resistant materials showed less agreement 
"which is probably because of the difference found in the various 
heat of a particular alloy. 


Discussion 
ss M.G. Fonrana." This paper emphasizes the fact that care- 
- ful manipulation and good technique are mandatory in order to 


obtain reliable data from corrosion tests. The authors also 


- point out the fact that a laboratory test in CP acid does not 

necessarily predict field performance under actual operating 
conditions. These two points are often overlooked. 

7 ve The inhibiting effect of the copper ion in the acid and the im- 

proved resistance of copper-bearing 316 alloys in phosphoric 

acid are of interest. This is one of the reasons why alloys like 

- Durimet 20 are superior to the 18-8type steels for phosphoric 

_ The copper ion in sulphuric acid shows strong inhibiting 

_ effects even under severe erosion-corrosion conditions as shown 

Fontana and Luce,"* and Fontana."* The superior corrosion 

‘resistance of chemical lead as compared to pure lead is due to 


oe ‘ ni approximately 0.06 per cent copper in the former. 


Arsenic ions may also show similar inhibiting effects in phos- 


1! Professor and Chairman, Department of Metallurgy, The Ohio 


State University, Columbus, Ohio. 


neering Chemistry, vol. 39, 1947, pp. 87A-88A. 


12 “‘Erosion-Corrosion of Metals and Alloys,” by M. G. Fontana 
and W. A. Luce, Corrosion, vol. 5, 1949, pp. 189-193. 
13 “Erosion-Corrosion,”’ by M. G. Fontana, Industrial and Engi- 
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phoric acid but the presence of this element would be undesirable 
in some of the uses for the finished acid. 

A few remarks by the authors on the use of the “standard” 
nitric-acid test for materials for handling phosphoric acid would 
be of interest. 


AutHors’ CLosuRB 


Ye thank Professor Fontana for information given in his dis- 
cussion. We have not investigated arsenic ions as a possible in- 
hibiting element in phosphoric acid. It appears that metals in 
Group 1B in the Periodic Table are effective inhibiting elements 
in phosphoric acid. One metal, cadmium, in Group 2 B was found 
to be ineffectual. There is no doubt that other elements or 
groups of elements may be found, but apparently little work has 
been done in this field. 

The request for information on the use of the standard nitric- 
acid test for materials for handling phosphoric acid is summar- 
ized in the following tests. 

Two heats of low-carbon type 316 from different manufacturers 
gave the results, Table 8, in the standard nitric-acid and phos- 
phoric-acid tests. 


TABLE 8 RATES IN IPY 
Heat z Pd3 


Nitric acid. 


Ave 
009 
445 


008 
1.59 


009 
477 


.008 
1.50 


.006 
1.68 
The two heats are similar in chemistry except for the residual 
copper content. As is seen, the nitric-acid test does not disclose 
any difference in corrosion resistance of these materials. 
Tests made on Carpenter No. 20 alloy show that the nitric- 
acid test is more searching in so far as the effects of various heat- 
treatments are concerned. See Table 9. 


TABLE 9 CARPENTER NO. 20 ALLOY—RATES IN IPY 
Pd3 Pd4 Pd5 
-010 


034 


Avg. 
Nitric acid 010 
hosphoric acid. 


lition 
lition 


lition 
7 a= 
Condition 1, as received. 
Condition 2. nitric acid, 1100 F, 2 hr. Phos 
Condition 3, 1625 F, 2 hr. Heated and 
stainless plates. 


ic acid, 1000 F, 3 hr. 
between '/: in. and '/, in. 


Here again we see no relationship between the two tests. The 
nitric-acid test under conditions which show the higher rates, 
exhibits an attack which is intergranular in nature and the speci- 
men “sugars.”” In the phosphoric-acid test the attack is gen- 
eral and apparently insensitive to the conditions causing the 
intergranular weakness as found by the nitric-acid test. 
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Coal Sampling by Large-Increment Weights 


By B. A. LANDRY? ano W. W. 


A sampling experiment is described that was aimed at 


Ae determining the variance in percentage ash of large- 


single-increment samples of an Indiana coal. 


parts which are calculated from the data obtained. Re- 


_ sults show that for increments of large weight, such as 


‘ = are taken by mechanical samplers, at large steam-gener- 


‘2 _ ating stations, relatively few would be required, for the 


coal studied, to obtain a gross sample meeting present 
accuracy standards. The suggestion is made that studies 


_ on other coals should be made to confirm these findings 


which, if generally true, may lead to an upward revision 
of standards of accuracy in view of the practicability of 
taking larger numbers of increments mechanically. 


INTRODUCTION 


HE growing use of coal for steam and power generation, 


and the growing sale of these two forms of energy to large- 


scale distributors or consumers, coupled with the frequent 
changes that have taken place in the price of coal, have not re- 


duced but have increased the necessity for acceptable accuracy 


in coal sampling. Contracts between steam-generating stations 
and customers now often contain a clause for adjusting sale price 
as to the cost of the equivalent heat input to the boiler furnace. The 
- ealorific value of the fue! is an important factor in calculating 
heat input and, therefore, the accuracy with which the analysis 
of the sample represents the heating value of the coal burned is 
equally important. 

The work of Morrow and Proctor* has demonstrated that the 
analysis of a sample of coal which is acceptably accurate for av- 
erage ash content is also acceptably accurate for determining aver- 
age calorific value. Hence all coal-sampling investigations, 
_ whether experimental or theoretical, have been limited generally 
to studies of the factors which affect the variability of ash con- 
tent among coals and how best to cope with them in sampling. 
Sampling specifications that have resulted from such work, how- 


ever, since they specify increments of small weight, can be said 


to belong still to the hand-shovel age of coal handling and to 
indicate a lack of recognition that the large daily tonnages of coal 
a handled by modern steam plants, in effect, require mechanical 


. Eh sampling devices. Since these devices must take increments 
=" | ing completely across the stream of large cross section of 
— yt rapidly moving coal being fed to pulverizers or stokers, the incre- 


is ments taken are necessarily of large weights, much larger than 
present specifications call for. 


It has been quite generally accepted that sampling by larger 


_ increment weights would reduce the number of increments re- 
' Supervisor, Fuels Research, Battelle Memorial Institute, Co- 
Ohio. Mem. ASMP. 
3 Technica] Director, Commercial Testing and Engineering Com- 
Chicago, M1. 


P “Variables in Coal Sampling,”” by J. B. Morrow and C. P. Proec- 


Trans. AIME, vol. 119, 1936, pp. 227-276. 


Contributed by the Fuels Division of Tue American Society or 


Mecnantcat Enornzers and presented at the Joint AIME-ASME 


Nore: 


_ Fuels Conference, Cleveland, Ohio, October 24-25, 1950. 

Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 

of the Society. Manuscript received at ASME Headquarters, 

November 24. 1950. 
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quired to obtain a gross sample of acceptable accuracy. It also 
has been known that the reduction in the number of increments 
would not compensate for the increased weight of increment, so 
that the final gross sample obtained would be of larger weight. 
However, it was believed that mechanical methods of crushing the 
gross sample, before subdivision, would make it relatively easy 
to handle this part of the work of sampling. 

The main problem was, therefore, that of ascertaining the 
exact extent to which the number of increments could be de- 
creased, as the weight of increment was increased. The results 
of the experimental investigation described in this paper show 
that, after a certain weight of increment has been reached, there 
is no statistical gain in increasing weight further and, conse- 
quently, that a minimum number of increments must be taken, 
in any event, to compose the gross sample. On the other hand, 
it appears that this minimum number is relatively small, as 
compared with present specifications. This may make it feasible 
eventually to increase, above present nominal levels, the stand- 
ards of so-called acceptable accuracy when sampling specifica- 
tions for mechanical samplers are established. 

This paper gives an account of an extensive sampling investi- 
gation made at the tipple of the Enos Coal Mining Company, 
in Pike County, Ind., in April, 1950, to determine the variance 
in percentage ash of samples of one increment, each weighing, 
approximately, 14, 40, 60, 80, and 100 lb. Thirty samples of 
each weight were taken, and each was reduced and analyzed 
separately. In addition, sixty increments of 50 Ib each were 
taken for size-consist determination of the composite, and for 
float-and-sink separation, at seven specific gravities, of the 
seven size ranges obtained by screening. The set of data pre- 
sented is believed to be more extensive than any yet made availa- 
ble on this subject for a single coal, and thus supplies long- 
needed missing data‘ on coal sampling. It is hoped that similar 
investigations can be carried on at the tipple of coal producers 
in various districts to obtain, on a wider basis, the sampling 
characteristics of United States coals. 


ProcepURE 


Mining and Tipple Operations. The coal used for this investi- 
gation is the product of strip mining in the Indiana No. 5 bed. 
The thickness of bed averages 4'/, ft and that of the overburden, 
consisting of clay, shale, and limestone, averages 45 ft; a layer 
of black slate 1 to 3 in. thick lies immediately above the coal. 

Coal is mined at five sites separated by a maximum distance 
of 8 miles and transported to the tipple by truck or by electric 
train. All coal is dumped into a common surge pit of large ca- 
pacity in which considerable opportunity for mixing is afforded 
as the pieces roll and slide from various directions toward the 
botiom outlet. The discharged run-of-miné is then conveyed, at 
the rate of 900 tons per hr, to shaker screens giving nominal sepa- 
ration of the 2 X 0 in. size, which is conveyed to the rescreening 
plant on a rubber belt 36 in. wide traveling at the rate of 600 fpm. 

Sampling Operations. All samples were collected from this 
belt. To avoid sampling bias, the belt was stopped for each of 
the thirty sampling operations, which were performed on the 
stationary belt as follows: 


«“The Missing Data on Coal Sampling,” by B. A. Landry, Trans. 
ASME, vol. 67, 1945, pp. 78-79. 
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TRANSACTIONS OF THE 


ABLE | WIDTH BETWEEN DIVIDERS AND CORRESPONDING 


TA 
WEIGHT OF. OF ONE INCREMENT 


Section 


Distance between 
center line of 
sections, ft 


Width between 
dividers, 
no in. 
1 


Approximate weight 
of sample, 
It 


4 
‘ 
5 


5 


(a) Seven pairs of vertical dividers, each set a certain distance 
apart, were sliced through the coal ribbon, which was approxi- 
mately 28 in. wide, down to the face of the belt. 

(b) The material between each pair of dividers was raked and 
swept off the belt into receptacles. 

(c) The dividers then were removed and the belt was started 
again. 

Table 1 lists for each of the seven sections, in sampling order, 
the widths between dividers for each weight of sample and gives 
the distance on the belt between the center line of each section. 
All seven samples were collected within a belt distance of about 
30 ft. A maximum of six such samplings could be made in one 
day, although five was the rule, and on the first and last days only 
two were made. Sampling dates were April 10, 11, 12, 13, 17 
18, and 19, 1950. 

Reduction of Samples for Ash Determination. Each of the 
150 samples of one increment obtained for ash determination was 
weighed and then reduced to a laboratory pulp as follows: 

(a) Each sample was crushed in its entirety, at the tipple, 
through a 10 X 15-in. hammer mill equipped with a */j.-in. 
round-hole perforated steel plate. By successive rifflings, a sub- 
sample of not less than 1*/, lb was obtained and shipped to the 
Chicago laboratory of Commercial Testing and Engineering Co. 

(b) The entire amount of subsample received -was crushed 
through a 7 X 6 in. hammer mill equipped with a '/,.-in. round- 
hole perforated plate. A subsample of not less than 200 grams 
was obtained by successive rifflings. 

(c) The entire amount of subsample was then pulverized 


ASME 


through a Raymond hammer mill. The oversize on a 60-mesh 
screen was reduced to minus 60 mesh on a hard steel buckboard. 
A minimum of 50 grams was then riffled out for laboratory pulp. 
Dry-ash determinations were then made according to the ASTM 
method. Duplicate analyses were made from each pulp. 

Results of Ash Determinations. Table 2 gives, for the thirty 
samples of five different weights taken, the determined weight 
of each sample (of one increment each), and the average of dupli- 
cate determinations of ash percentage. The average weights of 
samples and the grand average ash percentages are also shown 
in the table. 

Screening of Composite Sample. As mentioned earlier, two 50- 
lb samples ‘of one increment each) were taken at each of the 
thirty stops of the belt. The compositive sample obtained 
weighed 3049.2 Ib. The entire composite was screened over a 
1'/.-in. round-hole The minus 1'/.-in. material was 
rifled once, and one portion was screened successively over a 
3/-in. and a */,-in. round-hole screen. The minus °/j¢-in. 
material was riffled three times, and one remaining portion 
was screened successively on 10, 28, and 48-mesh (Tyler) 
acreens. Table 3 summarizes the screening data obtained. 


screen. 


Gravity-Consist. All of the coal retained on the successive 
screens at the various stages of screening was later subjected to 
gravity separation, each cut being analyzed ultimately for its 
average ash content. Table 4 summarizes these data, and also 
gives the average ash percentage for each size interval; this 
average, of course, was obtained after weighting the percentage 
ash of each fraction by the relative weight of the fraction. 

TABLE 3 SUMMARY OF SCREENING DATA 
Cumulative 


weight 
retained, 


Third 
stage, 
grams 


Size interval First Second 
(round hole or stage, stage, 
Tyler), inch or mesh Ib Ib 
Nom. 2 X 1'/: in. 257.3 
X in. 
*/ in. 
*/win. X 10M 
x 28M 


Weight 
per cent 


14,305 
5,013 


4 
7 
1 
5.7 
3 
3 
0 


WEIGHTS AND DRY-ASH CONTENTS OF wrnietgnn OF ONE INCREMENT EACH 


(Ash percentages are the average of duplicat 


——-—-—--- Approximate weight of eample, Ib — 
60 


— 40 - 


2 


ort 
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5 28. 
18. 
36 
= 
71.6 
= 
M phd 
x 48 057 
M x 811 
12.7 4 1 54.5 1 12.4 
ev acted 2.4 11.7 62.9 
1 06 11.2 60.1 11.0 
1 8.1 12.8 66.1 12.7 
02 13.7 66.8 12.9 
15.3 3.1 11.9 67.4 11:8 
ar 144 2.1 12.5 62.9 12.7 
baa 1.8 14 6.1 14.3 56.6 
11.1) (10 6.2 10.3 54.7 1 76.9 
~ 13.6 12 0.8 12.4 67.0 86.8 | 
Avg. 13.9 12 0.0 12.5 61.3 i 81.6 12.6 
g 


ANDERSON—COAL SAMPLING BY LARGE-INCREMENT WEIGHTS 


LANDRY, 


TABLE 4 SUMMARY OF FLOAT-AND-SINK DATA 


114,585.6 235 ,9 

Weight, Ash, Weight, a" 

percent percent percent per cent 


Weight, Ash, 


g 


{ 


Average 


SratisticaL TREATMENT OF Data 
Calculation of Variance of Samples. The variance in the per- 
centage ash for each group of equal nominal weight of sample was 
calculated from the data listed in Table 1 by means of the stand- 


ard formula 
2 (22) 
o = 
M M 


where o? is the observed variance, or (standard deviation )?, for 
samples of a given weight, = is the summation sign, y,; refers to 
the percentage ash of each sample, and M is the number of sam- 
ples of each weight taken, 30 in this instance. The summation 
limits are, therefore, from 1 to 30. Table 5 gives the variances 


DETaR MINED VARIANCE OF PERCENTAGE ASH OF 
AMPLES OF ONE INCREMENT EACH 


weight of sample, 


TABLE 5 


Variance, 
(standard deviation)? 


calculated by Equation [1] for each group of samples and also 
the average weights of these samples from Table 1. The tabu- 
lated results show that, although the observed variances are all 
of the same order of magnitude, vet there was a slight decrease 
in the variance with increase in weight of the one-increment 
samples. The fact that the result for the samples of average 
weight of 61.3 lb is out of line suggests that more than thirty 
samples, say, at the least, thirty-six samples, should have been 
taken to give a lower value of the standard error: in other words, 
with a number of single-increment samples larger than thirty, 
this point would probably have fallen in line. 

The question of greater importance, in so far as the theory of 
- coal sampling is concerned, is to investigate the nature of the 
statistical causes that led to the results of Table 5. 


General Discussion on the Variance of Samples of One Increment. 
It is now generally agreed that the observed variance in percent- 
age ash of samples of one increment is the sum of three variances, 
as follows: 


(a) The variance which reflects how well any one sample of 
one increment represents the average ash of the “small’’ region 
_ of the lot of coal from which the increment was taken.©* 67 This 
; variance depends upon the variability in percentage ash of the 

individual pieces in the region, and decreases with increase in the 

number of contiguous pieces taken to form the increment; in 

other words, this variance decreases with increase in weight of 
the increment. 

(b) The variance which reflects the essential variation in aver- 

_ age ash of successive regions in the lot of coal being sampled.*? 

To all intents and purposes, this variance can be considered to be 


independent of the weight of increment, since the alternative 


——— in. or Tyler mesh (M) 
ex M 1 


percent percent percent per cent 


28 48M XO 


2,043.6 814 1 
Weight, Ash, Weight’ Ash, 
percent percent percent per cen! 
15.4 
23.0 
15.9 


Ox 28M 


per cent per cent 
4.0 39.5 


o 


SC 


o 


~ 
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of taking a sufficient number of increments, in an orderly man- 
ner, over the lot of coal sampled, to form a composite gross sample 
of acceptable accuracy, is always to be preferred to the taking of 
a substantial part of the entire lot for reduction prior to analysis. 

(c) The variance which reflects the various departures from 
assured accuracy resulting from riffling of the gross sample, after 
each stage of crushing, plus any error in analysis.* *? 

The problem is not unlike that of sampling a large community, 
to determine the average income of its members, if it is assumed 
that a number of groups having similar incomes not only exist 
but tend to reside in separate subecommunities. Obviously, in 
such sampling: 

(a) The number of persons interviewed in any one subcom- 
munity should increase as incomes range over wider limits be- 
tween individuals. 

(b) A minimum number of subcommunities must be sampled 
to insure that enough groups will be represented to meet the ac- 
curacy desired. 

(c) Allowances should be made for the errors made by the inter- 
viewers. 

Numerical estimates of the three component variances can be 
made, with certain assumptions, from the data obtained in this 
investigation. Obviously, results will apply only to the particular 
coal studied. The observed variance will be considered, there- 
fore, as the sum of three independent variances 


= + oy? + 


when oy? is the variance within subregions, due to weight of in- 
crement, @<? is the lot variance due to the variation of average 
ash in all subregions, and ¢,,? is the variance introduced by the 
operations of sample reduction and analysis. 


Calculation of Variance in Subregions, Due to Weight of Incre- 
The calculation of this component variance will be made 


w 


where ow? represents the variance in percentage ash for pieces of 
average weight w, W is the weight of increment, w is the weight- 
weighted average weight of prece, and (a — 1) is an index which 
measures the degree to which to coal of each subregion has been 
mixed, from its initial segregated state in the bed, toward a ran- 
dom arrangement of ash of pieces resulting from mining, trans- 


ment. 
from the formula® 


* “Fundamentals of Coal Sampling,” by B. A. Landry, U. 8. 
Bureau of Mines, Bulletin No. 454. 

* “Memorandum to Subcommittee XIII, Committee D-5, ASTM,” 
by W. M. Bertholf, June, 1949. 

7 “Sampling of Coal and Washery Products,” by J. Visman, Fuel 
Economy Conference of the World Power Conference, Section A2 
Paper No. 4, The Hague, Holland, 1947, 12 pp. 
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portation, and screening operations. As a first approximation in 
this calculation, it has been assumed that the mixing index of 
the coal, at the point of sampling, was equal to —1, corresponding 
to a perfectly random arrangement of ash percentage of pieces in 
each subregion. The variance in percentage ash on a piece-by- 
piece basis, ¢w*, will be calculated from the float-and-sink data, 
and the weight-we eighted, aver: age weight of piece, 7, will be caleu- 

Substituting these calculated 


7 or assumed constants in . anation [3] will thus give ow? as a 
function of W. 


‘= 


Calculation of 
followed; 


In the calculation of o?, two steps were 


(a) The data from the float-and-sink tests were combined to 
give for all size intervals the total weight floating at each gravity, 
and the total weight of the final sink, from which the percentage 
by weight of the entire coal in each fraction was calculated. The 


_ determined ash percentages in one fraction, for each size in- 


terval, were then properly weighted and averaged, this process 
being repeated for all fractions. These calculations would have 
made it possible to plot average percentage ash in each frac- 
tion against cumulative weight of coal in the successive fractions. 
This plot of float-and-sink variability would not, however, exhibit 
the variability of ash percentages in terms of the individual 
pieces in the coal. 

(b) Therefore, in order to pass from cumulative weight to 
cumulative number of pieces, the method of conversion pre- 
viously suggested® was then followed of recalculating the length 
of each step of float, after the first, by multiplying by the inverse 
ratio of specific gravities; thus the new length of the second 
step was taken as (1.35/1.45 = 0.931) times the length of step 
on the weight basis, and soon. The length of the final step was 
adjusted on the basis of a ratio of 1.35/2.5 = 0.54, on the assump- 
tion that all material would float at a gravity of 2.5. 

Fig. 1 is a plot of these data and thus shows as a step curve the 
variability in ash content of the pieces of Enos coal. The vari- 


* Footnote 8, pp. 72-73. 
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ance corresponding to the step curve shown was calculated by 
known methods,'® giving = 72.27. 

Calculation of w. The weight-weighted average weight of piece 
was calculated by the method previously described" of finding 
the Rosin-Rammler representation of the size consist, convert- 
ing to weight consist, to give a curve of cumulative per cent pass- 
ing against weight of piece, and performing a series integration to 
give the area between the curve and the vertical axis. The 
successive steps of this method will now be described. 

Size-Consist Studies. Fig. 2 is a Bennett diagram on which 
curve A is a plot of the cumulative percentage retained from 
the screen analysis given in Table 3. It is seen that curve A bends 
upward asymptotically to a vertical line representing the size of 
the largest piece present in the nominal 2 X 0-in. coal screen- 
ings. The curvature shown in curve A is typical of all such 


” Reference 5, pp. 82-83. 
" Thid., pp. 115-126. 
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plottings of direct-screening data on the Bennett diagram. The 
diagram represents a method of linearizing the Rosin-Rammler 
equation 


where R is the per cent retained at size z, b and n are parameters 
characteristic of the broken coal, and e is the base of natural 
logarithms. The Rosin-Rammiler equation implies that pieces 
of all sizes, up to infinite size, are present in the broken coal. 
The diagram does not circumvent this difficulty; hence, since 
pieces larger than a certain practical size cannot be included in 
any screening data, these data when plotted will necessarily 
show the curvature of curve A. 

Methods are available, however, for determining, from screen- 
ing data, the percentage at which a Rosin-Rammler-represented 
coal must be considered to have been decapitated, that is, to 
have had all pieces above a certain size removed, by screening, in 
order that the undersize will exhibit the inner percentages ob- 
tained in a given screen analysis. 

Application of one of these methods"? to the data of curve A 
gave a value of 40 per cent for the percentage passing a 1'/,-in. 
round-hole sereen. Therefore it may be concluded that 60 per 
cent of the coal mined at Enos would be retained on the 1'/:-in. 
screen. Moreover, since the cumulative weight passing the 1'/.- 
in. screens was 100 — 8.5 = 91.5, the percentage passing the 
2-in. (nominal) screen can be calculated to have been 


(40) (100) 
91.5 


43.7 per cent 
the corresponding percentage retained being 56.3. 

The method mentioned also gives the values of the parameters 
+ and n in Equation [4]. These were found to be, respectively, 
0.36 and 0.86. The Rosin-Rammler size-consist expression for 
the Enos coal is therefore 


R = 100 036" 


Solving this equation for z, corresponding to R = 56.3, gave 
for z, the largest size present in the screenings, zr = 1.72 in. 
(round hole). Tat this size is smaller than the 2-in. screen used 
is explained on the basis that, the coal being wet, pieces larger 
than this size presumably had enough fines sticking to them 
that they could not pass through a 2-in. round hole, particularly 
at the high speed at which the coal moved over the screens. 

Curve B in Fig. 2 is a plot of Equation [5], the generalized 
Rosin-Rammler-represented coal, which probably represents 
quite accurately the size consist of the run-of-mine at Enos. 
Size consists, corresponding to any preassigned decapitation size 
can, of course, be calculated easily from curve B, thus avoiding 
the necessity of making complete screening tests. 

Curve C corresponds to curve B, except that the abscissa has 
been transformed from size to weight of piece. The correspond- 
ing Rosin-Rammler equation is 


and 
N = n/3 = 0.287 


To find B, the weight of the 1-in. piece w,, was taken to be 
0.018 lb, in agreement with recent experiments."* Calculation 


12 Footnote 10, pp. 121-123. 

“The Effect of Coal Size on the Sampling of Coal for Float-and- 
Sink Tests,” by B. A. Landry and A. L. Bailey, presented at the 
Joint Fuels Conference, AIME-ASME, Cleveland, Ohio, October 

24-25, 1950, fig. 1. 
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gave B = 1.14. The equation of curve C is, therefore 


R = 100 16] 


Curve D is from a previously published Rosin-Rammler repre- 
sentation of the average consist of 38 Appalachian coals given by 
Malleis.“* It is seen that curves C and D are very nearly parallel, 
indicating that the two types of coals have a very similar spread 
of sizes. The lateral displacement of the two lines stems mainly 
from the earlier assumed weight for a 1-in. piece, for curve D, for 
which reliable data did not exist at the time. The otherwise 
close agreement between curves C and D suggests that sampling 
specifications derived on the basis of Malleis’ data can probably 
be used for all coals east of the Mississippi. 

Fig. 3 is a plot on Cartesian co-ordinates of a portion of curve 
C, from Fig. 2, to show the weight consist of the Enos coal 
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sampled. It can be shown" that the area A in Fig. 3 represents 
the sum of the squares of the weights of all pieces present in a 
sample of weight equal to the length of vertical side of the area. 
The weight-weighted average weight of piece, therefore, can be 
determined by dividing A by L, since 


where area A is determined by planimeter. 

Series Integration. An alternate method,'' which does not 
requir: use of the planimeter was used, however, to determine w. 
This consists essentially in obtaining the area A by integration of 
 @ series expansion of Equation [6]. Using the nomenclature 
_ given in the reference cited gives 


I—K 
Q 


Variance Equation for Subregions. Finally, therefore, the 
variance in subregions, due to weight of increment, can be ex- 


Reference 5, fig. 36, p. 116. 
Tbid., pp. 113- 115. 
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pressed after substituting for ow*, w, and (a — 1) in Equation 
[3], as 


(7) 


Significant numerical values of ow? and a plot of this equation 
are given later. 

Estimate of Lot Variance. The variance which reflects the 
variation of average ash in all subregions of the coal can only be 
estimated, since samples were taken only during those periods 
when the belt was stopped, and since hundreds of tons of coal 
moved by the sampling point between samplings. To make 
the estimate, the percentages of ash of all five weights of samples 
taken at each belt stop were averaged. 

Fig. 4 shows these grand averages of ash percentages plotted 
against the order number of the successive samplings or belt 
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stops. If it is assumed that more frequent samplings would 
not have changed materially the variability exhibited by the curve 
drawn through the points obtained, then the process of calculating 
the variance by using Equation [1] can be justified. The indi- 
cated calculation gave o,? = 0.935, which will be used as the lot 
variance. 

Variance of Sample Reduction and Analysis. No experimental 
work was done in this investigation that could supply direct in- 
formation on the magnitude of the variance introduced as a 
result of the operations of sample reduction and analysis. In- 
stead, by rewriting Equation [2] as 

= — (Ow? + os?) 
an estimate of this variance was obtained by calculating the dif- 
ference between the observed variances of the samples and the 
sum of the variances associated with each subregion and with the 
lot. Use of this method implies that t!.e arbitrary value of —1 
taken for the mixing index in Equation [7] was appropriately 
chosen. 

Table 6 gives the observed variances from Table 5 and each of 
the component variances. Term gw? was calculated by means 
of Equation [7] after substituting the corresponding weights of 
samples (of one increment) in the equation; os? is the lot vari- 
ance previously determined. The variances due to reduction 
and analysis, ¢,,2, were obtained by difference. 

Table 6 shows that the variance of reduction and analysis de- 
creased steadily with increase in weight of the sample reduced. 

r it results from the several 
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TABLE 6 OBSERVED AND COMPONENT VARIANCES PER 


CENTAGE ASH OF SAMPLES OF ONE INCREMEN 
Component variances 
Reduction 

and analysis, 


Within 
regions, 


Observed 
variance, 


Avg wt 


of sample, subregions, 
Ib es? 


ASH, 95 TIMES IN 100 


VARIANCE, (STANDARD DEVIATION) 2 


NUMBER OF INCREMENTS FOR AN ACCURACY 


OF £126 PER CENT 


AVERAGE WEIGHT OF PIECE, OR WEIGHT OF INCREMENT, LB 


Fic.5 Retation or Numper or Increments Requirep To THEIR 

Werent, Enos Coat 

(Component variances: A, within subregions; B, from all subregions; —__ 7 

C=A+B,) 

assumptions made in calculating the other component variance 
is not known. 

General Variance Relations. Fig. 5 is a log-log plot on which 
the various significant variables observed or calculated, that have 
been discussed, have been brought together. 

The pivot point, in the upper left-hand corner, from which 
line A starts, represents the variance in percentage ash for the 
individual pieces of the coal sampled, ¢w*. This variance has 
been plotted against the weight-weighted average weight of 
The slope of line A has been taken as —1 to represent 
perfect random mixing in the subregions. The decreasing vari- 
ance shown by line A, as the weight of sample of one increment 
increases, represents the effect of the increase in number of pieces 
in decreasing the ash variability of the increments. Line A 
thus represents oy? as a function of W 

Horizontal line B represents the variance due to the variability 
of ash contents of the subregions, ¢s*. This variance is taken to 
be constant over the range of increment weights taken. Curve 
C represents the sum of the variances represented by A and B. 
The observed variance points are indicated by circles. Any 
difference in variance betwgen C and the observed points cor- 
responds to the variances of reduction and analysis given in 
Table 6. 

The right-hand scale in Fig. 5 shows the number of incre- 
ments required to fulfill present ASTM standards of accuracy. 
This was calculated from the known formula'® 


piece w. 


o? = (0.0026) y2N 


where y is the average ash of the coal and o* is the variance of per- 
centage ash in increments required to make N-increments neces- 


sary and sufficient. Fig. 5 shows that since the range of ob- 


'® Reference 4, p. 77. 
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served variance of increments of weights 14 to 100 Ib was between 

1.144 and 0.948, three increments of any such weight would con- 

stitute an adequate gross sample. It is understood that in taking 

these three increments, they should be obtained as uniformly as 

possible over the full time and tonnage periods involved, that is, 

about 6 days and 30,000 to 40,000 tons of coal, in this instance. 
Conc.usions AND Future Work 

The results of this investigation show that the strip-mined 
coal sampled was so well mixed, within each subregion, that a state 
of mixing very close to a random arrangement of pieces was 
achieved. By comparison, the variability resulting from varia- 
tions in ash contents of the sublots sampled was far more im- 
portant and was the main component of the observed variance in 
the samples taken. Taken together, however, all component 
variances added up to a small magnitude, which means that very 
few increments were found to be required, when sampling this 
coal, to meet present accuracy standards. 

Inasmuch as some of the results obtained are unexpected, it is 
believed that data should be obtained at a number of other opera- 
tions to show whether widely different trends will be uncovered 
and, if so, what may be their probable cause. 

If it is found that the variance attached to increments of large 
weight is generally as low as this investigation has shown, it would 
appear that an increase in accuracy standards may be achieved 
with mechanical sampling devices by the simple process of taking 
a larger number of increments with them. Higher accuracy 
standards should be welcomed by all who are concerned with sell- 
ing or buying steam or power. 
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Discussion 


W. M. Bertuotr.”” Comment on the experimental work lead- 
ing to the production of this paper is hardly necessary. It was of 
very high caliber and leaves little to be desired in the way of rele- 
vant information concerning the type of coal dealt with. While it 
is not the first experiment of its type, it appears to be the most 
fully documented of all coal-sampling experiments with which 
this commentator is acquainted. 

The theory of coal sampling which was tested by this experi- 
ment requires no additional comment. It has been discussed in- 
_ formally in small groups for about 5 years and has been presented 
formally to several groups." As was to be expected, this test 
fully confirms the theory that the observed variance is a “sum of 
component variances.”’ 

The statistical analysis of the data, as performed by the au- 


" Efficiency Engineer, By-Product Coke Plant, Colorado Fuel & 
Iron Corporation, Pueblo, Colo. 


A paper, “Notes on Coal Sampling,” was presented at the an- 
nual meeting of the AIME in Chicago, Ill., 1946. Advance copies 
were sent to a representative group of well-informed sampling enthu- 
siasts and comments were made by a number of these men, including 

the present authors. The then was to 
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thors, yields results which are sufficiently different from those ob- 
tained by application of the most efficient methods to warrant 
comment and comparison, 

This experiment is of the type usually known in agricultural 
and biological research circles as “observations classified in 
i.e., the groups of increments are considered as 
being composed of “related” individuals although there is no im- 
plication of relationship between the groups as a whole. In such 
cases the method of “the analysis of variance’’ can be used to de- 
termine (most efficiently): 


one direction,” 


(a) The variance within groups. , 


(b) The variance between groups. 


Essentially, these variances correspond directly to ‘the: variances 
(a) and (6) of the paper. It is not possible to determine variance 
(c) of the paper from the data of Table 2, directly nor indireetly— 
unless replicate pulps are prepared from each individual incre- 
ment, 

The best estimates of variances (a) and (6) are 5.026/w and 
0.871, respectively. The corresponding estimates given in the 
paper are 0.886 /w and 0.935. 

The data of Tables 3 and 4 of the paper, when substituted in 
the formulas of Hassialis,™ and Kassel-Guy,*! indicate that 
variance (a) is between 4/w and 5/w, probably nearer the latter 
figure. Ordinarily we would expect that the methods of Hassial is 
and Kaasel-Guy would be consistent with any methods normally 
used for this purpose, i.e., there should be no serious discrepancy 
between these methods and the analysis of variance or any other 
legitimate method of estimating this “sampling constant.” 

Would the authors care to comment on the indicated discrep- 
ancy between the various methods? 

When general agreement is reached on the appropriate meth- 
ods of statistical analysis of data of this type, rapid progress 
should be made in the development of a body of data which will 
serve as the basis for improvement of sampling specifications, not 
only for coal but for other bulk materials. Until that time, 
comment on the sections, General Variance Relations and 
Conclusions and Future Work would be fruitless. 


the ‘now generally agreed” upon theory of compound variance; but 
it was a case of “no sale.”" The paper was withdrawn; but discus- 
sion has continued, as follows: 

Correspondence with the chairman of Subcommittee XIII on 
Sampling, of ASTM Committee D-5, Coal and Coke, from 1945 to 
date. 

A memorandum on ‘Use of a Sampling Chart,” for sampling under 
“controlled” conditions was submitted to Subcommittee XIII in 
October, 1947. 

A more complete memorandum, “The Design of Coal Sampling 
Procedures,"" covering the more complex theory of ‘‘field conditions” 
was submitted to this Subcommittee in June, 1949. (Presumably 
to be published in the ASTM Bulletin at an early date.) 

At their invitation, a talk on “The Historical Development of 
Sampling Theory” was given in April, 1950, at a meeting of the Power 
Station Chemists of the Edison Electric Institute. This was followed 
¢ a series of conferences with a special committee on sampling, and 

rtain point» have been amplified by correspondence with the chair- 
man, Mr. O. A. Blatter, and others. 

A paper on the “Analysis of Variance in a Sampling Experiment” 
has recently been prepared. Included in this are the results of the 
Enos experiment, as well as five other experiments previously reported 
but analyzed by inefficient or inappropriate methods as originally re- 
ported. 

% “Statistical Methods for Research Workers,” by R. A. Fisher, 
eighth edition, sections 2 and 3, Oliver & Boyd, Edinburgh, Secot- 
land, 1946. 

* “Handbook of Mineral Dressing,"’ by A. F. Taggert, John Wiley 
& Sons, Inc., New York, N. Y., section 19, particularly equation 16, 
and commentary thereon, 1945. 

*t “Determining Correct Weight of Sample in Coal Sampling,” 
by L. 8. Kassel and T. W. Guy, Industrial and Engineering Chemistry, 

1935, pp. 
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W. L. Wess.” The users of mechanical coal-sampling equip- 
ment should be much indebted to the authors and to the Enos 
Coa] Mining Company and others who contributed to the study 
which made possible the presentation of these fundamental data 
on coal sampling by large-increment weights. Even though it is 
possible that the findings in this one instance with respect to the 
number of large increments needed to obtain a gross sample 
meeting ASTM standard of accuracy, may rarely apply, it is sig- 
nificant that in at least some instances the accuracy will be im- 
proved materially when ASTM minimum recommendations as to 
the number of increments are followed. 

It is gratifying that the data given in the paper begin to clear 
up a discrepancy between two schools of thought, namely: 


1 That the relationship between ash variance (i.e., the square 
of the standard division of ash), and the increment weight when 
plotted on a log-log chart such as is shown in Fig. 5 of the paper, 
is a straight line, the slope of which is the measure of the degree of 
mixing. 

2 That the relationship is a curve, one end of which in the 
small-increment weight range is asymptotic to the previously 
mentioned straight line, and in the large-increment weight. range 
becomes asymptotic to a line of constant variance. 


The first theory was difficult to reconcile to practice as it 
meant that if a sufficiently large increment is taken, only one in- 
crement could represent amply the lot of coal under test. Such a 
situation was inconceivable to this diseusser because of no knowl- 
edge of coal of unchanging quality. The second theory which the 
paper appears to confirm, in effect states that the number of in- 
crements required for a given sampling accuracy, as influenced by 
increasing increment weight, approaches a constant, and that be- 
yond a specific increment weight, there is substantially negligible 
gain in sampling accuracy by further increasing the weight of the 
increment. 

A consideration which is of particular concern to users of me- 
chanical samplers is what sampling accuracies actually are being 
obtained with existing installations. This layman discusser 
gleans from the paper that, in a case involving a sampler, whichem- 
ploys a timer-operated primary cutter for taking increments from 
the falling coal stream and which crushes these increments 
and reduces them by means of a secondary continuously operated 
cutter, data to establish the sampling accuracy of the system 
could be obtained for a specific coal simply from determined ash 
values of pulps prepared from samples secured by causing the 
sampler to individually take, crush, and reduce perhaps 50 incre- 
ments over a period covering the extreme range of coal charac- 
teristics. 

In this instance, since the sampler takes substantially a fixed 
weight of increment at a constant conveyer rate, only this incre- 
ment weight would be of concern. Having computed the vari- 
ance of the ash values of the pulps and the average ash value, the 
number of increments required to secure the ASTM standard of 
accuracy could be computed from the known formula, reference 
(14) of the paper. 

The foregoing procedure presumably would be acceptable only 
if there were no bias in taking the increments, in crushing and re- 
ducing them, and in preparing and analyzing the pulps. The de- 
termined variance would be the over-all variance, presumably the 
only one useful in measuring performance. 

The authors’ views on the foregoing procedure for testing one 
type of mechanical coal-sampling equipment will be most welcome. 

This discusser wishes to take this opportunity to urge the users 
of mechanical coal samplers to become sufficiently interested in 
the performance of their samplers to be willing to spend the time 


*2 Mechanical Engineering Division, American Gas & Electric 
Service Corporation, New York, N. Y. 
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and money necessary to make performance tests on their equip- 
ment. Apparently no recognized procedures have been devel- 
oped to make such tests precisely. It is believed that the coal 
producers, electric utilities, and other large users of coal should 
urge upon ASTM Committee D-5 on Coal and Coke to develop 
suitable procedures, and ultimately to provide standards for me- 
chanical sampling. The user of a mechanical sampler presumably 
is not only interested in the accuracy with which his sampler per- 
forms, but also what he can do to make it perform acceptably if 
the sampler accuracy is deficient. 

The conducting of sampler performance tests will not only im- 
prove the coal buyer-seller relationship involved, but if presented 
in a paper, ultimately will provide the needed fund of knowledge 
to permit the intelligent design and operation of coal samplers. 


Avrnors’ CLOSURE 


The authors are in full agreement with Mr. Bertholf that recog- 
nition of his views on the importance of the variance between 
lots has come too slowly. Erroneous conclusions in coal-sam- 
pling theory have often stemmed from incomplete data. We are 
happy to note that Mr. Bertholf approves of the data submitted 
with this paper. 

The points raised by Mr. Bertholf regarding the method used 
of analyzing the data present a certain divergence of views that 
should be eventually resolved. It appears that Mr. Bertholf 
is in agreement with Equation [2] which states that the observed 
variances are the sum of three variances. Yet, in adapting 
R. A. Fisher’s work to the calculation of component variances, 
Mr. Bertholf has developed a method which allows for the deter- 
mination of only two variances, in such a way, as will be shown 
presently, that the sum of these two variances centers around 
the observed variances. This approach assumes in fact that the 
third variance is zero. The actual result is that the third vari- 
ance is inextricably associated with the other two, and thus the 
estimates reached of both of these are open to question. 

The estimates made by Mr. Bertholf can be summarized in 
Table 7 which is arranged in the same order as Table 6 of the 
paper 


TABLE 7 


Bertholf's variance estimates—-—— 
e- 
Within duetion, 
regions analysis 
0 
0 
0 


Observed 


variance 


Bet ween 


regions Total Difference 


0.048 


Because of the inherent elegance of Mr. Bertholf’s method, we 
hope that it can be extended to the simultaneous determination 
of all three component variances of Equation [2]. This would 
avoid the necessity of making a number of the assumptions that 
we have had to make, would avoid the laborious screenings and 
float-and-sink determinations required by our method, and 
would not require the use that we have had to make of a differ- 
ence method which is admittedly approximate. 

We wish to thank Mr. Webb also for the points made in his 
discussion. There seems no question that the relations shown in 
Fig. 5 now are generally agreed upon. Whether coals will be 
found that depart significantly from these relations is a matter for 
the future to reveal. 

Mr. Webb poses some very interesting questions regarding the 
best procedure to test the accuracy of an automatic sample in- 
volving the two steps of primary and secondary sampling, with 
a crushing stage between them. A committee of Subcommittee 
XIII of ASTM Committee D-5 has been appointed to study this 
question. It is hoped that planned tests will lead to important 


information on this type of sampling 
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Management is a most important element contributing 
to our survival as a culture. Management, as an art, has 
provided no quantitative tools for study and use. Such 
tools must be provided by an adequate and testable theory 
of association and its operation, which deals with human 
behavior. The theory will be based upon the premise 
that human beings are the core of all associational ac- 
tivity. The mutual interactions and interd 
of materials, machines, and men must be studied and 
measured, within the framework of the dynamic process 
of the social order, to provide the needed theory. The 
characteristics of groups, and the determinants of their 
activities are established, with brief details of organiza- 
tion structure. The practical aspects of an integrated 
theory of organization and management indicate that 
powerful tools can be made available in this field if sound 
premises are used for inquiry, experiment, and research. 


INTRODUCTION 


T has often been said that the most important contribution to 

l victory in World War II was America’s capacity to produce. 

This capacity to produce was a product of an especial Ameri- 

ean genius, which is the talent of organizing and managing; the 

ability to envisage the means necessary to attain a goal, to break 

the task down, and to design a pattern of interrelations between 

the parts, and finally the ability to adjust the pattern and its 
per ormance as envirc and o 

Promises of social gains, of greater freedom from want and fear, 
and all those things which make up “‘the better life’ remain but 
promises and dreams without production. In order to extend or 
even maintain the great social gains of the United States, we 
must expand a self-replenishing, productive economy which dis- 
tributes its fruits equitably and provides the incentives which 
stimulate to action. Resources and manpower, energies, skills, 
drives, and ambitions, good will and kindliness are not special 
prerogatives of contemporary man. It is not only scientific ac- 
complishment or technical ability which we can claim; rather, it 
is a way of thinking about men, using things, and working together 
in the pursuit of a common goal. 

Today, however, in spite of great accomplishments, there is 
cause for us to pause. It has been demonstrated that there are 
great possibilities for continued advances in production and tech- 
nology, but the demonstration of possibility does not prove that 
realization will follow. For example, the labor strife of recent 
years indicates the existence of unsolved problems in ‘he appli- 
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cation of management knowledge. The large number of indus- 
trial failures every year demonstrates that what appears to be 
known or understood by some, is not widely known or understood 
by all who must manage. Even where management knowledge 
is at its best, the increased speed of communications and trans- 
portation raises crucial and difficult problems, since the rapid 
changes in interaction and information available reduce the sta- 
bility inherent in less dynamic processes. It is maintained here 
that our major problem of survival as a culture and a society 
will be determined by our ability to organize and manage those 
associations we have created (1).* 

It is interesting that in spite of the fact that man has organ- 
ized and managed since prehistoric times, there has yet to evolve 
a cogent philosophy, or a valid theory, of organization and man- 
agement. Throughout history men have appeared, perhaps 


, never in greater quantity than during the industrial development 


of this country, who have done outstanding jobs of either organi- 
zation or management, or both. Yet they are not able to, or 
certainly have not, described in general terms the actions which 
have produced their success. Thus we may conclude that their 
practices must be called art. However, to call an activity an art 
does not preclude its study or analysis and does not mean that 
a science cannot be developed. For example, the fact that paint- 
ing, sculpturing, and musical composition are arts and that great 
painters, sculptors, or composers are artists, does not mean there 
is not a parallel science, a logical body of rules, whereby people 
can learn to paint, to sculp, to compose. There is not yet a 
demonstrated relationship between practice and theory in the 
field of management. It is important, however, to make clear 
at this point that the possession of a knowledge of the technique 
of painting, of sculpturing, or composition will not guarantee 
that a practitioner will be a great, or even a good, artist. He 
may be dull, or uninspired but he should not make serious errors 
of technical application. - 

In a somewhat similar manner it should be possible to educate 
and train people to do at least an adequate job of management. 
This training can be of the greatest utility and will not in any 
way detract from the importance of those geniuses who have 
accomplished so much with little formal technology, unphrased 
philosophy, and chaotic and uncertain theory. 


PRELIMINARY PROBLEMS 


In order to educate and train people, a group of techniques and 
disciplines are needed which is pertinent to the educational ob- 
jective. These techniques must be related to one another and 
to a central core or theory or philosophy. There is at present no 
such philosophy. Not surprisingly, education and training for 
management vary. There is not even one single course, tech- 
nique, or discipline that is universally recognized as essential for 
& person who desires to enter, and hopes to succeed in, the field 
of management. It is true that there are courses in “Manage- 
ment” in every school of business administration. As an indi- 
cation of the difficulties of teaching this subject, it may be pointed 
out that the authors know of no book which presents a valid 
(ustable) theory of management, and of no two books which 


* Numbers in parentheses refer to Bibliography at end of paper. 
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ean be considered closely comparable except perhaps in paucity of 
fundamental theory. 
It is the ambitious hope of this paper to outline the necessary 
- peomaiens upon which an integrated theory of organization and 
management may be constructed, and to present some tentative 
hypotheses which may form a part of such a theory. 

Before an attempt is made to define the problem further it may 

be well to point out that the engineer has a necessary and rightful 

interest in it. 

_ He must practice the “art” of management throughout his 
career, and his sympathetic attitude to both theory and practice 
makes him particularly qualified to undertake the solution of at 
least part of the problem. The engineering viewpoint and 
method of thinking and of approach have a great probability of 
accelerating reasonable and useful approximate solutions of prob- 
lems in this field. 

Jackson Martindell in a recent book (2) points out that there 
are nearly 100,000 “successfully” operating industrial units. It 
is reasonable to ask, therefore, why we at Columbia claim that 
it is necessary to review the field of management, and undertake 
research in organization. 

Actually, there is the obvious answer: Scientific management 
tells us ‘‘there must be a better way,” and, if scientific manage- 
ment has been at all successful in the past, we may suppose that 
its methods will continue to be valid. Therefore we may say 
that no matter how successful management is today it could be 
better. That, however, is not a really satisfactory reply since 
it does not answer the charge that what exists is already “good 
enough.” 

But is it good enough? Even if it were good enough that does 
not mean that it will be good enough. Communication and the 
economic tempo have greatly accelerated in the past 10 years. 
What was satisfactory in the past is not necessarily satisfactory 
today and certainly the new and different problems which will 
arise in the future will require more suitable general methods of 
solution. During the war, the Army, Navy, and Air Force 
brought in methods of mathematicians, social scientists, and 
physical scientists which were unique in the managerial field. 
These were used successfully in such techniques as “operations 
analysis.” Today, private enterprise is faced with the fact that 
operation within the framework of increasingly complex controls 
will make its task even more difficult. 

Therefore it is important, indeed necessary, for private en- 
terprise to demonstrate its ability to understand its function and 
its operational genius. It can rest no longer upon its “rights’’ 
because if history has any meaning we must conclude that 
rights do not long outlive their socia) usefulness. Private 
enterprise is faced with a great challenge both externally and in- 
ternally. If it meets the internal challenge there is little doubt 
of its ability to meet the external—but, in order to meet this 
challenge, research in its own area of operations is essential. 

As an art, management has utilized the practice of taking ac- 
tion based upon personal interpretation of various types of facts 
and intuitive observations. What might have been called 
science has concerned itself with those areas in which the collec- 
ticn of data has been most highly developed—in the economic 
and technological spheres. Theories of costs and alternative 
choice have built strong foundations in these fields. But organi- 
zation and management deal with costs and techniques only 
secondarily. Their primary concern is with people and their 
behavior. And here the art has had to rest upon the individual 
genius of the “good” managers and organizers. It is not that 
they would not have accepted or utilized valid theories if such 
existed, but rather that the means did not exist to collect the data 
concerning behavior. Organization depends upon people. In 

many respects, the choice of equipment, and theories of costs, are 


secondary to an understanding of the dynamics of their inter- 
relationships with the personnel of an enterprise. In the opinion 
of the authors, the tools for the collection and measurement of 
facts concerning behavior are becoming available (1), and any 
valid theory of organization must present hypotheses which can 
be tested by the collection of such facts. No theory of manage- 
ment and organization can be considered completely valid which 
does not: 


1 Deal directly with the behavior of the personnel of insti- 
tutions and enterprises. 

2 Present hypotheses concerning this behavior which are 
capable of test by observable facts. 


Tue Basis oF MANAGEMENT THEORY 


In the sense used here, organization is concerned with the 
design and construction of heterogeneous structures within 
which an association may be managed. 

Thus we may say that organization consists of: 

“A structuring of mutual dependencies which provides the 
means whereby man can most effectively pursue his activities 
within the framework of the social institutions.” 

And that management consists of “adjusting the available 
means as requisite to meet current internal and external change.” 

A valid theory of management will explain and integrate the 
following aspects of social] groups: 


1 Associative purpose, which will involve a consideraton of: 


(a) Goals. 

(b) The environment. 

(c) Potential means of accomplishing purposes. 
(d) Limiting factors and relationships. 


2 Mechanisms of organized group behavior, which will in- 
clude: 

(a) A general description of the structural relationships. 

(b) A description and analysis of communication, and the 
quantitative aspects of its effectiveness. 

(c) Analysis of systems of value judgments or appraisal upon 
which an association acts. 

3 An explanation of how the mechanism operates, that is to 
say, how management can function. 

4 A description of these relationships in operational terms, 
so that the hypotheses of the theory may be tested. 


Among the fields being observed to approach this theory are 
the following: 

Historical and contemporary studies of industrial and other 
associations to determine how functions have evolved and how 
the patterns of organization and management have adjusted to 
meet changing circumstances. 

Comparative studies in other areas, for example, biology and 
the physical sciences, of the problem of organization and the 
adjustment of the organism and groups of organisms to external 
forces, 

The premises upon which an integrated theory of organization 
and management may be based include the following (3): 


1 Management is primarily concerned with human beings 
grouped in associations, linking environmental elements together 
in a limited predictable pattern of dependence. 

2 The patterns are determined in relation to the social order 
(4). 

3 Management involves activity or actions on the part of 
“managers” according to some reproducible methodology and 
these actions produce actions in others in the association. 

4 This activity and these actions take place in a time stream, 
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experience with past occurrences. The aim is to 
the uncontrolled probabilities of the future. 


“tamper with” 


Human Resources 


In the past, the engineer and others concerned with organiza- 
tion and management have done a superlative job as far as the 
physical aspects of industrial associations are concerned. It is 
hardly necessary to recognize here the accomplishments already 
made in methods analysis, work simplification, improvement 
and redesign of individual or group jobs and tasks, of processes, 
machines, and procedures. That this has been done at a price 
to the association and the contemporary social institutions is 
becoming increasingly apparent. It is now necessary to study 
and learn about the social] costs of these procedures so that proper 
and effective use of the human resource can be made in the future. 
A profound change in thinking about ‘‘men at work” must take 
place. Wise management is now realizing that of all the resources 
available the human resource is the most important (and pos- 
sibly the least effectively utilized). Human beings operate, ac- 
tivate, tend, repair, and otherwise perform tasks in connection 
with the specific and over-all operations of the association. The 
fundamental reason for association is co-operative and effective 
use of human resources (5), where effective means the best long- 
time use of all the assets that man can bring to the association, 
mental, and psychological, as well as physiological. Manage- 
ment must comprehend al! of man—individually and as a group. 
Ideally, the maximum gain from association will be won only 
when all of man’s needs are provided for. Only then will his 
true powers be realized, his creative abilities evoked, and only 
then will there be really effective integration of management 
and human associations. 

An association of human beings may comprise anything from 
a momentary co-operation in a physical or emotional effort to the 
more familiar group seeking mutual protection or other bene- 
fits. Such associations include the industrial process, where 
machines and processes are utilized to produce something useful 
for exchange in the social environment. Basically the indus- 
trial process converts or otherwise adds value to raw materials, 
parts, or assemblies. 

It is the physical characteristics of a mutual project which de- 
termine the obvious, although usually secondary, purpose of an 
association, and goals are generally established in relation to 
these physical characteristics. It is in terms of these goals that 
it may be said that the United States manager has done an out- 
standing job and has made extraordinary progress in the past 50 
years, 

If a useful theory for association management is to be evolved, 
it must be subject to test in the crucible of performance. In 
order to judge alternative solutions to a problem of association it 
will be necessary to measure accomplishmene in various areas. 
Among the possible group accomplishments which may be meas- 
ured are the following: 


Tue AssociaTION 


1 External effects of a method of management on: 

(a) The state. 

(b) The consumer. 

(c) Other similar associations, i.e., competitive, and non- 
competitive. 

(d) Other groups in the social framework. 


2 Internal effects on: 
(a) The association itself. 


information. 
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Tue Soctat OrvER 


The social institutions are all those associations in which man 
joins his fellows in order to implement, record, and limit his 
activities (6). The immediate institution such as the enterprise 
by which an industrial or business activity is carried on is of con- 
cern here. Others are the State and all the social associations 
which are external to the immediate institution and which limit, 
govern, control, and otherwise affect its internal arrangements 
and adjustments. Included also are other enterprises, asso- 
ciations, and institutions which form the remainder of the environ- 
ment within which the activity is carried on—competitors, ven- 
dors, trade, labor or other associations, financial institutions, 
and the various institutions for communication and recording of 
The groups internal or related to the association, 
such as the family and specific informal groupings are of pri- 
mary importance to any integration of management theory. It 
is with these latter groups that the social scientists, and especially 
the modern industrial sociologist and the cultural anthropologist, 
are concerned. There is no doubt that the organizer and the 
manager of the future must look increasingly to those fields for 
knowledge and help. 


Tae Temrorat Dimension 


As Peter Drucker (7) so clearly pointed out, the enterprise is 
increasingly concerned with long-time persistency; trader 
philosophy is doomed in modern management. Decisions are 
now made which are concerned with more and more remote times 
in the future. The concern of top management is with long- 
time persistence rather than short-time gain, with loss avoid- 
ance as well as with profit. Therefore an enterprise may be 
considered as moving in a time stream, and every decision, while 


using the present as a point of reference, is based upon the past 
and is related to the future. Decisions are made, resulting in 
controlled action which is reviewed and appraised in preparation 
for another decision; an attempt to continue the status quo is 


such a decision. While time may be considered as a dimension, 
all action must be construed as cyclic, with decision constantly 
following decision (real or tacit), as the enterprise moves in the 
interactions which comprise its environment. This dimension 
may be considered as: pie 


Pow 
twit 


Activity 

Research 
Design 
Control 


Inquiry 
Evaluation 
Judgment 


and the cycle is continuously repeated. 


INTERACTION AND CHANGE IN ORGANIZATION THEORY 


It is important to realize that all these components are related 
and are in a constant state of alteration. Not only do individuals 
grow and develop as individuals but also as groups. The working 
foree—the human resource of 1951—is very different from that 
of 1925, if for no other reason than the fact that it has had on the 
average at least four more years of formal schooling—a matter 
which must have a profound effect but which has had very little 
formal or scientific consideration. The shifting age composition, 
the increased labor force in large numbers—all of these must be 
considered seriously. 

There have been equally important changes in the other fac- 
tors. The change of process is familiar to everyone, and some, 
Norbert Weiner (8) for example, see more and even greater 
changes ahead. Similarly, social institutions are modified and 
changed. During the past 100 years the use of the corporate 


(b) The associators, that is, workers, management, and owners _ form for industrial enterprise has evolved and, of necessity, there 


have been changes in the scope of governmental activity to com- 
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pensate for and contro] the great forces inherent in this form of 
institution. 

All of these changes and developments are due not only to in- 
ternal] forces but also to adjustments and interaction to each other 
and to other factors. The problem is indeed one of dynamic 
process. 

There are (at least) three major kinds of relationships which a 
theory linking management and organization must express: 


1 The external relationships of the association; the environ- 
mental pattern. 

2 The internal structural (functional) relationships; the ‘‘de- 
scription” of the association. 

3 The output-input (functioning) relationships; the effective- 
ness of operation. 


The following statements set these forth in general terms 
Tue ExrerNnat RELATIONSHIPS OF THE ASSOCIATION 


Considering the inter and intraactions, the receipt of stimuli 
and the responses, the change of the environment and the adjust- 
ment of an association thereto, it is possible to conceive of some 
physical model of an association. 

An association may be conceived of as a group of organisms 
existing in a special] set of interactions which we wil] define as the 
environment (9). This environment consists of specific relation- 
ships of one organism to another and to physical forces, some of 
which are known and whose influence is subject to prediction 
within probability limits. There are also other interactions pres- 
ent whose effect either individually or together under normal 
circumstances is minor, and under such normal circumstances 
can be neglected. However, from time to time these minor inter- 
actions, which it is suggested resemble a “chance system of 
causes,” apparently for no reason, actually for no forseeable rea- 
son (under the existing state of knowledge), grow in intensity and 
either directly or by their effect upon other organisms and rela- 
tionships 1a the environment impose an emergency upon the 
association. The ability of the association to withstand, to 
absorb and digest, or to resist and reject this emergency is a meas- 
ure of the success of the association in one goal, self-preservation. 

This association, exists, receives stimuli of various kinds from 
outside and reacts in a certain manner. At this point we will 
not consider the internal structure of the association. We are 
first interested in establishing a statement of the environment in 
which the association exists and the stimuli which it receives and 
reacts to, and what stimuli it in turn emits, and what effect these 
have upon environment. 

For purposes of visualization we may consider the association 
as an object, in an n-dimensional sea of interactions. When 
these interactions are considered, three kinds or types can easily 
be recognized: 


Physical 


(a) Regular 
(b) Intermittent 


2 Temporal 
3 Chance, 


The regular physical oS as are those which are appar- 
ent, can be measured and anticipated with reasonable fore- 
thought and intelligence. Their effect upon the association will 


vary. Some have direct effect and are recognized and reacted 
to rapidly; these are the ones for which the association is de- 
signed. Others are considered as a part of the environment within 
which the association is expected to operate. As long as their 
behavior remains as anticipated they will have little effect upon 
the association. However, the usual situation is that the be- 
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havior as predicted (and disregarding is a form of prediction) 
seldom is exactly the same as the actual behavior. In conse- 

an iation must adjust either continuously, or as 
more often happens in a discrete, noncontinuous fashion, from 
time to time as it is discovered that there is a significant differ- _ 
ence between predicted and actual behavior. 

These regular relationships are important, but they do not 
create the really difficult problems that the association has to 
meet. These difficult problems are caused by the intermittent 
ones. The real test of the “character” of an association is its 
ability to meet these intermittent emergencies, to absorb or re- 
ject, to recognize or ignore, and to continue to function. If inter- 
mittent interactions occur with sufficient frequency, they will 
(providing the association is successful) cease to be considered 
intermittent; they will become “predictable” and a part of the 
regular physical relationships which form the environment to 
which the association is adjusted, 

The second class of interactions is related to the time stream 
in which the association exists, and may act upon the physical — 
reiationships as well as upon the entity which we consider the — 
association. Thus a regular relationship may change its direc- 
tion, it may wax or wane or indeed disappear. One class of such 
relationships has to do with the life of the physica] property and 
the individuals which form parts of the structure of the associa- 
tion; another might have to do with the value of money. Still 
others represent the state of knowledge and information availa- 
ble about both internal and externa] matters. 

Finally, there is the statistical ‘“‘system of chance causes,” 
comprising al] those interactions that have not been taken into 
account in our plans. Generally, the more intelligent considera- 
tion has been given to the environment, the smaller will be this 
group of chance causes, and the smaller wil] be the variation (that is 
to say, a lesser standard deviation), and the greater will be the ac- 
curacy of prediction. One thing is important to consider and 
that is that this chance system of causes on the one hand, links 
together the intermittent and the regular relationships, and, on 
the other hand the physical and temporal. Thus it is a two- 
dimensiona] distribution, although the authors would hesitate to 
attempt to represent these dimensions graphically. Another 
interesting point is that any one of the chance systems of causes 
may move from this third category into either of the other two 
and, similarly, at any time one or more of the first two may sub- 
side and become classified with the chance system 


DESCRIPTION OF THE ASSOCIATION 


Gillespie (10) sets forth that there are three fundamental char- 
acteristic units from which any industria! association is built. 
These he calls: “Inerts,” “dynamics,” “purposives,” correspond- 
ing, respectively, to materials, machine or processes, and human 
beings. We believe it essential that groups be described in terms 
of physical factors, descriptive of their operational activity, and in 
terms of determinants of ¢hat activity. To integrate manage- 
ment and organization theory, it will be necessary to measure 
these factors and determinants so that predictions may be made 
with respect to management problems. Some of the more ob- 
vious and important variables which must be considered are as 

: 
follows: 


GROUPS AND THEIR CHARACTERISTICS 
1 Physical factors: 
(a) Size—number 
(b) Personality and homogeneity 
(c) Relative geographic location 
(d) Communication facilities 
(e) Nonhuman content 
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2 Internal determinants: 
groups 
individuals 
(b) Organizational factors 


arr t —stru ‘ucture 
Aafiniti 


an 
formal information ni operations “ 
(c) Managerial factors Ag. 
how obtained =) 


how exercised 
physical characteristics 
3 External Determinants: 


Relations to other associations of the industry 
Relations to vendors 
Relations to purchasers 
Relations to other social institutions 
Relations to economy as a whole 
(f) Historical influences 
(may be internal as well) 


One of the problems of measurement is an understanding of 
mutual relationships which exist among the three units which 
we have identified : 

Materials versus machines 
Materials versus human beings 
Machines versus human beings | 

In each case there is a two-way relationship—a bond. These 
relationships are tentatively arranged in order of their potential 
ease of prediction. We must also recognize another order of 
relationship—eelf-relationships: 

Materials versus materials 


Machines versus machines 
Human beings versus human beings 


What are the relationships which exist between and among 
materials? Also between materials and machines and human 
beings? We may consider that materials have no “feeling,” no 
impressions. However, it might be well to realize that even 
inerts have characteristics such as magnetic properties, hardness, 
flexibility, ductility, poisonousness, tendency to break, and so 
forth, which will force a pattern of behavior on the machines and 
human beings. However, these characteristics are usually closely 
predictable and largely do not change within a fixed environment. 
There is no personal element involved, and a material will not 
change its character due to the character of the machine or the 
human being. Even here a bit of caution is required as it is 
conceivable that the machine could, under certain circumstances, 
produce a change in the material. 

We can conceive of a machine or a process as possessing certain 
invariant characteristics which can be described and predicted. 
In general, the machine .nd the human being assume an atti- 
tude or a position depending upon the characteristic of the mate- 
rial. In other words, the characteristics of the material may be 
considered a framework of reference, and, because these char- 
acteristics are largely fixed and unchangeable, the machine or 
the human being must adjust to meet their requirements. For 
example, a machine tool may “‘prefer” to have the adjustment to 
cut brass, for example (the preference merely means that there 
has been “adjustment” to prior experience) but if it has to cut 
cast iron it does not “object”’ to being readjusted to cut cast iron 
and certainly it cannot refuse to permit its adjustment to be 
changed if the possibility of adjustment has been foreseen. 
Otherwise the machine will “refuse to adjust” or, in other words, 
it will be “intransigent” and “stubborn.” 
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Let us assume that phosphor bronze will poison flesh if handled 
hot and with sweaty hands; then the human being will wear 
gloves although he may not like to. In a word, the machine 
“doesn’t care’’ if it adjusts but the human being has “‘pride’”’ 
and so may “refuse to adjust,” or only does so under “pressure.” 


Macutines Versus Human Bernes 


Machines and processes are of various kinds. On the one 
hand, at the bottom of the scale is the hand tool—the artifact, 
the use of a physical ‘‘thing”’ to extend the abilities of the per- 
son. It seems clear that the relationship between this tool and 
the human being is simple. Originally, no doubt, the man made 
his tool and there was a personal element evolved. It was “his,” 
he made it, it was therefore “good.” It was his and there was 
little or no conflict. Even when he no longer made his tool, once 
he had obtained it, it was his; it was part of “his life,” of his 
personality. It is not necessary nor important to distinguish this 
kind of tool from the human being that used it. There was no 
conflict. The human being had (owned) several, perhaps many, 
dynamics and, without his skili and his influence, they were of 
little importance. The number of people who could use what 
the individual had, was limited (he saw to it that they were, inci- 
dently), he had a position in society, a status due to his tools 
(dynamics) and his skills (the knowledge and ability to use 
the dynamics). 

At the other end of the scale is the modern machine of which 
the computer is perhaps a goodexample. However, it may not 
be necessary to go that far to see the difficulties in the rela- 
tionships. Any machine that requires more than one human 
operator raises a problem. Actually, the machine that taxes the 
abilities of a single human operator is probably the key. There 
are two directions of consideration. First, there is the situation, 
such as in weaving, where one operator tends more and more 
machines. He is still superior to the machine, until the point is 
reached where he cannot tend them al!, and a feeling of irritation 
against the demands of the machine arises. On the other hand, 
there is the situation where two or more men are required to tend 
a single machine. Here another factor comes into play. The 
man is divisible, the machine is not. The individual man is 
less potent than the individual machine. In this case it is possi- 
ble to develop a sense of “team play. aig 

Tue Concert or THe [INDIVIDUAL 

While material, of necessity, is often the focus of an asso-— 
ciation, it is so predictable, so stable that it presents no serious 
problem of conceptualizat‘on. Difficult as machines and proc- 
esses may be, they too are closely predictable, and their inter- 
relation with other machines and with materials presents no 
serious Management problems. It is the human being that 
makes the problem difficult, and it is the human being about 
which we know the least. 

The purposive, the individual, is the element which gives 
substance and meaning to an organization. It is true that it is 
possible to conceive of materials and machines as being “organ- 
ized,” but the concept is an incomplete one, in effect, lifeless. 

Organization intuitively seems to convey the notion of ad- 
justment or arrangement of different kinds of factors in the pur- 
suit of a common goal. For operational purposes, the unit of 
organization may be defined as comprising a minimum of two 
factors, one of which must be a person. 


DETAILS OF ORGANIZATIONAL STRUCTURES 


Organization seems to depend upon, and be structured by the 
transfer of information within and among such units. Manage- 
ment, on the other hand, is concerned with the substance of such 
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_ information, with obtaining, distributing, and utilizing it to make 
decisions. 

The basic organizational group might consist of three units. 
‘There are fundamentally two types: 

san. 

(a) Closed: tts. 

Where (a-b-c) represents a unit. Communication is possible 
and the link is theoretically equally strong in all directions: 
a-b, b-c, c-a. 

(b) Open: a-b-e 

Where one unit is a center of communication. 
wishes to communicate with c it must pass through b. 

It is possible that (6) could be considered a defective unit of 
the type (a). However, there is strong evidence that there are 
sufficient important differences and that the two types may be 
considered unrelated. 

These are basic (and simple) communication patterns and 
have been explored at some length by Bavelas (11). Any other 
system of any kind can be built up from the so-called open group- 
ing. 
With more than three units in an organizational group the 
problem is difficult, although the grouping is only more complex 
in a magnitude sense. A group of four, for example, may be 
considered as two groups of three in which certain units have 
become foci; thus 


Thus, if a 


* foci 

The first practical test of an integrated theory of organization 
and management will be in its ability to predict the effects of the 
existence of these types of organizational groupings upon the 
operation of an association. Results of some quantitative work 
already undertaken have indicated the potential power of this 
type of theory (12). It must be admitted, however, that in 
certain cases, those groups providing the most individual satis- 
faction in work effort (closed) did not exhibit group problem 
solving ability as did others (open). It will be necessary to 
provide more experimental results before such conclusion may be 
stated finally. 

Various relating forces will affect. these groups in different ways. 
The social force of “coherence,” for example, as distinguished 
from the isolating force of “individualism” will increase and 
then wane (13). Its behavior, however, will depend upon the 
particular association under consideration. Some of the forces 
which may be considered as contributing are (3): 


3 External interactions. 


1 Individual satisfactions. 
4 Cultural relationships. 


2 Group satisfactions. 

Some of these have been measured, and the remainder must 
form a part of future manageinent theory. There is a relation- 
ship between a person and a task which results in a “particular 
situation.” That relation has an expected value which is de- 
termined by the invariate characteristics of the situation and the 
“normal” attitude of the individual. However, the attitude of 
the individual varies—with his state of health, his economic 
situation, and the like. Therefore the internal state of the 
combined organizational unit varies and the response to stimuli 
will vary. We must eliminate from our thinking the notion that 
not only is the situation invariate but also the person. 

In other words, any association is created in order to achieve a 
certain objective or objectives; there is an answer to a stimulus, 
thereafter there is input of energy followed by output in the form 
of relationships and “production.” It may not be possible ever 
to measure the real efficiency of an association but we can express 
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the efficiency of an association in the usual engineering sense 
(where the measure approaches unit as a maximum) as 


where 
N, = efficiency of association 
O = “value” of output 
7 = “value” of input 


Obviously, we must define value, but as long as both input 
and output are defined in the same units, we could escape the em- 
barrasing necessity of describing it specifically. A defined effi- 
ciency such as this is one way of describing the effectiveness of an 
association but it is insufficient. The economists (14, 15) furnish 
us with an expression similar to the following 


MMW = HE, T) 


or in words: “Man's material well-being’? depends upon the 
“available natural resources” which are transformed by “human 
energies” applied “to tools’’ in finite time. 

As set forth, this expression can describe anything from a single 
operation or by the use of summation signs, integrals, or very 
complicated differential equations (all of which might be done 
eventually) companies, industries, regions or economies. To 
bring it within the province with which engineers like to deal, let 
us look inside of the “bigger” picture and be microscopically 
“realistic.” Now we may rephrase the expression somewhat 
and say: 

“The effective accomplishment of an industrial association 
depends upon the physical resources which it has available but 
even more upon the intelligence with which it exploits its ma- 
chines and processes.” 

We conceive of the association as consisting of a group of units 
of different characteristics, with certain individuals themselves 
members (in fact, centers, and foci) of certain definite groups, and 
also as individuals participating in the conformation which is the 
supra group, the associative entity. We will not at this point: 
explore these intergroup interactions, merely pointing out that 
the external actions of each group form the intraactions of the 
supra group. It must not be forgotten that the total of all 
the external actions of the groups is “greater than” the intra- 
action of the ultra group and that this excess forms “a part of the 
output” of the association, which in turn becomes “the action 
of the association” upon the environment. 


PracticaL Aspects or AN INTEGRATED THEORY 


Based upon our premises, and the definitions thus briefly set 
forth, it should be clear that the structure of organization may oi 


described by the network of mutually dependent “situations” » 


which are grouped to form associations. Management is the 
means whereby these situations are adjusted to meet changing 
stimuli. This concept is completely general, holding for all types J 
of associations in the social order. However, our interest as engi- 
neers is primarily with the industrial productive association— 
the business or corporation. a 
To what practical purpose may be put a theoretical de svelop- 
ment such as this? In the first place, even as sketchily and in- 
completely developed as these concepts are here, it should be 
apparent that there is a great “engineering” advantage to view- 
ing the complex structure of modern industry as a “system” of 
individual situations. Such a viewpoint provides the potentiality 
of a powerful working tool or methodology in the field of organiza- 
tion and management. This tool, which is our second practical 


advantage, is provided by statistical method—since any group of — ; 


these situations becomes a “situation population,” with cer- 
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tain homogeneous characteristics, that is, the interaction of 
individual with machine or process, and other individuals, pro- 
vides a “measurable” distribution of performance probabilities 
(time, errors, etc.). The sums of these distributions, and their 
individual effect on over-all association performance, should fur- 
nish management with its quantitative tools of the future. Ap- 
plications of this integrated concept have already been made 
with great success (12), and “systems research” is presently under 
way, at Columbia and elsewhere, to provide further bases for 
more complete and detailed utility. 

Further, and by no means least, the integrated concept of 
organization and management provides a means for sound teach- 
ing of management “technique.” This can provide society with 
managers who not only understand the relationships of man in 
his work situation, but are qualified to solve the pressing and 
complex problems of the industrial age. The students of this 
science may not be genuises, but they will be technically compe- 
tent to determine realistic and sound solutions, using engineering 
methodology, and not merely repeat by rote the arts of indi- 
viduals whose solutions were specific for other situations. 

Finally, this theory of management deals with testable and 
operational hypotheses, and provides a basis for inquiry, experi- 
ment, and research. The situation population has been ob- 
served to exist stably in a number of associations—whether it 
exists in others is subject to test and proof. Within our frame- 
work, we feel that more than this need not be asked of any 
theory of management which is founded on the premise that the 
human being is the center of all associational activity. 
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Discussion 


G. D. Witkenson.‘ The writer is in thorough agreement with 
the authors on the need for engineers to consider the nonme- 
chanical factors affecting their work. Because he does agree 
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with them so completely, he feels that it is important to em- 
phasize some aspects of the subject matter which the authors 
have not stressed. It is important to recognize that they are 
raising radical problems requiring more thought than the usual 
problems which engineers face. To solve them a type of think- 
ing is required which is quite different from the habitual pre- 
occupations of the engineer, 

The engineer is primarily concerned with getting things done. 
He devotes himself to basic research if he is convinced that a 
machine is not functioning properly, but he seldom delves 
further into theory than is necessary to achieve the minimum of 
empirically The problems the authors 
raise here are largely in the realm of theory. For the engineer, 
they have no apparent necessary empirical application. The 
social and economic structure may creak and groan, but the engi- 
neer is generally not convinced that maintenance measures must 
be superseded by inquiries into the basic design. Before general 
acceptance of the authors’ views can be gained, therefore, a real 
reorientation of the engineer's thinking must be accomplished. 

Moreover, no set of generally accepted rules has been de- 
veloped that the engineer may apply. The “holistic’”’ approach, 
of which this paper is an example, cannot give the ultimate 
solution. It is, indeed, a refreshing antidote to the frequently 
sterile attempts to examine man in abstraction, but it goes 
too far. Analysis is necessary for thought and action. It is true 
that man must be viewed as an integrated social being. It is 
also true that the limited human mind cannot comprehend the 
totality of qualities of any entity, and must abstract some of 
them before he can understand anything. 

The falls at Niagara, for example, are both a setting for a 
honeymoon and a source of hydraulic power. They are many 
other things as well. Occasionally, legislators and treaty 
makers are faced with the problem of trying to evaluate the ef- 
fect of a proposal to use one aspect of the falls upon the totality 
of aspects which makes the spot unique in northeastern United 
States. To admit this occasional need for a “holistic” approach 
to Niagara Falls does not require us to deny that analysis is 
sometimes required as well. An engineer would be a fool to 
insist upon discussing Niagara’s hydraulic potential on his 
honeymoon. He would lose his job if he did not dismiss his 
thoughts of the honeymoon if he were commissioned to design 
a new turbine for the same spot. 

In a parallel vein, we can agree that the engineer should take 
time to consider the patterns of human association, and to learn 
what other specialists have to contribute to the subject. He 
ought to aspire to make some contributions out of his own pro- 
fessional experience. But the engineer's experience, like the 
experience of the anthropologist, the sociologist, the psychologist, 
and the psychiatrist, is necessarily not with the totality of man, 
but with an abstraction of the particular characteristics which 
concern his specialty. The engineer need not castigate himself 
because he has treated human beings as sources of power, and as 
sensitive and versatile machines. It is his business to do so. 
Researches in the social sciences seem to indicate that he should 
modify his present ideas on the nature and use of this particular 
kind of machine. He would not be a good engineer if he did not 
give serious and thoughful consideration to these ideas, He 
could not remain a good engineer, however, harsh as it may sound 
to say it, if he ceased to view them only as factors affecting the 
human being as a machine. 


successful operation. 


AvuTuors’ CLOSURE 
The authors appreciate Mr. Wilkenson’s views that a re- 
orientation in engineering thinking is required if we are to 
achieve the ultimate limits in production efficiency. It should 
be clear that when production efficiency is mentioned, the total 
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concept is implied. It should be clear that long-range efficiency 
includes satisfactions and desires to produce on the part of 
those involved in the production process. 

We do not deny that each element in the whole picture requires 
study and analysis on its own. The work of the department of 
industrial engineering of Columbia has included research in 
many of the individual determinants and characteristics of 
group operations listed in the paper. However, the element of 
bifurcation which has existed in the management, engineering, 
and social-science fields must be eliminated if constructive gains 
are to be made. Our paper has indicated the areas of integration 
which should prove fruitful. 

For example, a “balanced” assembly line may be studied 
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from a number of viewpoints. If the analysis of the individual 
elements of the particular process is invalid, then, of course, the 
production will be limited thereby. On the other hand, if the 
nature of the work is such that the individual operators do not 
have sufficient incentive to work efficiently, then the losses may 
be even higher. Cases may be cited of the use of self-structured 
teams instead of assembly lines in which the former produce 
considerably more than the latter. 
It is to be hoped that the viewpoint of the human being as 
a machine alone will not continue to occupy the primary role in 
the minds of the engineers. Only by considering the total picture 
can management be integrated with engineering views of organi- 
zation and production. 
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By G. J. TAUXE! anp 


This paper presents the results of two analytical studies 
associated with fire suppression of an idealized forest-type 
fuel; certain aspects of the studies, however, are applicable 
to wood fires in general. A qualitative discussion of the 
burning and the suppression of wood fires is presented in 
the introduction. The first study concerns the instan- 
taneous interfacial temperatures that occur when a drop 

_ of water impinges upon the hot surface of a burning piece 
of wood and shows for typical cases that the drop will not 
vaporize instantaneously or bounce off, and that initially 
the relative wetting abilities of the suppressing agents may 
be of importance. The second study utilizes an electrical 
analog computer to investigate the simulated thermal 
behavior of wood as it burns and is extinguished by sur- 
face cooling, by penetration cooling, and by oxygen dilu- 
tion. One important result indicates that the minimum 
theoretical ratio of the quantity of water for suppressing 
a typical fire to the volume of the burning wood is in the 
order of 1/150. Laboratory and field-test fires have given 
ratios in the order of 1/7, showing the large room for im- 
provement in suppression techniques. 
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NOMENCLATURE 
The following nomenclature is used in the paper: 


A = cross-sectional area, sq ft 

subscript to 7 to indicate ambient temperature, 
E to indicate a voltage corresponding to 7’, 

subscript to 7 to indicate burning temperature, or to E to 
indicate a voltage corresponding to 7, 

electrical or therma! capacitance, farads or Btu /deg F 

subscript to T to indicate cooling temperature, or to E 

to indicate a voltage corresponding to 7’. 

specific heat, Btu /Ib deg F 

electrical potential, volts 

subscript to indicate that a particular term is an elec- 
trica] quantity 

latent heat of vaporization, Btu/Ib 

combined unit thermal conductance for convection and 
radiation, Btu/sq ft deg F hr 

electrical current, amperes 

thermal conductivity, Btu /hr sq ft (deg F /ft) 

length, ft 

conversion constant, ratio of thermal to electrical ca- 
pacitance, Btu/deg F farads 

N = number of meshes or elements in a system 


or to 
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nm = conversion constant, ratio of electrical to thermal time; 
also a subscript to indicate a varying number 
p = penetration distance, ft 
Q = quantity of electricity or heat flux, coulombs or Btu 
q = heat flow rate, Btu/hr 
R = electrical or thermal resistance, ohms or deg F/(Btu/br) 
r = radial distance, ft; also a subscript to T to indicate maxi- 
mum reheating temperature or to £ to indicate a 
voltage corresponding to 7’, 
subscript to time @ to indicate water spreading time 
between sectors for the cylinder with two-dimensional 
heat flow 
temperature, deg F 
subscript to indicate that a particular term is a thermal 
quantity 
linear distance, ft 
thermal diffusivity, sq ft/hr 
equivalent thickness of water layer, in. 
weight density, Ib/cu ft 
time, sec or hr 
conversion constant, ratio of electrical potential to tem- 
perature, volts/deg F a 
INTRODUCTION 


‘The spreading of fires in wood-type fuels and their suppression 
involve many factors which enter in complicated and interrelated 
ways. A general analytical treatment of the entire problem is 
impossible, but insight into the phenomena involved is possible 
by separate considerations given to certain of the important 
phases. The results of two such analytical studies are pre- 
sented herein following a qualitative discussion of the burning 
and suppression of wood fires. The main emphasis in this work 
is toward typical forest-type fuels and situations; certain aspects, 
however, are applicable to wood fires in general. 

Qualitatively, the combustion of wood may be divided into 
two categories which are (a) the burning of combustible gases 
and (b) the burning of carbon in the form of charcoal (1).* The 
two combustion processes probably occur simultaneously during 
most of the combustion history of any given piece of wood, and 
it ie probably only near the end of burning that charcoal burning 

alone exists. 

If attention is given to a particular specimen of wood in a 
burning system of similar specimens, one may deduce its subse- 
quent history to be somewhat as follows. Prior to the actual ar- 
rival of the active flame, the surface of the specimen will be 
heated, usually first by radiation from the approaching flame, 
and later by convection, while its interior becomes heated by 
conduction. Under certain circumstances the fuel system and 
its ambient conditions may be such that the temperature of the 
specimen under consideration reaches its kindling or ignition point 
as a result of radiation alone. Under other circumstances, how- 
ever, the specimen may not ignite and possess its own flame until 
after being “licked” by the oncoming flame. The relative im- 
portance of radiation, convection, and conduction in burning, 


* Numbers in parentheses refer to the Bibliography at the end of 
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as well as in suppression, depends upon many factors which in 
turn may vary among different fires. 

Before the specimen becomes ignited, several changes in it 
may have occurred because of heat absorption from its surround- 
ings. Undoubtedly, the first change is its reduction in moisture 
content, beginning at the surface and then gradually drying 
toward the interior. The completeness of and the rapidity of the 
drying operation depend largely upon the specimen’s size, 
structure, and initial moisture content. Conceivably occurring 
simultaneously with the latter part of this drying phase, there 
begins the destructive distillation of the numerous hydrocarbons, 
alcohols, acetic acid, and so forth, present in wood. These sub- 
stances which are normally liquids are ultimately volatilized 

even cracked in some cases—and are driven out through the pores 
of the wood along with the secondary thermal-reaction products, 
such as carbon monoxide, carbon dioxide, and hydrogen. Upon 
passing through the surface of the specimen into the immediate 
surrounding atmosphere, these gases may form a combustible 
mixture with the air, and their combustion will proceed directly if 
the surface temperature is high enough to ignite the mixture. 
Even if the surface temperature is below the ignition point of the 
combustible gases, they may be fired, nevertheless, by sparks or 
flames passing in the proximity of the specimen. In either case 
the specimen could be considered to be burning, although tem- 
porarily it might be playing the role of a gas burner with its own 
contained gas generator. 
¥ From observations of laboratory and field-test fires (2, 3), it 
was not possible to detect a distinct transition from gaseous to 
~ chareoal burning. However, from the motion of the flame, and 
the lack of ash on observed specimens during the early stages of 
on their combustion it was concluded that gaseous burning domi- 


nated. On the other hand, near the completion of combustion, 


a the specimens had been reduced to glowing embers with 


little or no apparent flame, it seemed reasonable that this phase 


was largely one of charcoal burning. During the intermediate 

phases of combustion, it was observed that occasional flaming 
: eo gas jets issued from the burning specimens while the amount of 
_ ash accumulated. This indicated the presence of both types 

of burning. The presence of gaseous combustion can assist the 
i if burning of the charcoal by providing it with a hot ambient sur- 
rounding. Conversely, the burning charcoal provides a pilot 
light for the gases that issue out through the hot charcoal surface. 
Thus the two combustions are not only compatible but may ac- 
tually assist each other. 

The foregoing qualitative description of the elements of wood 

~ combustion provides a basis on which to analyze the mechanisms 
of suppression. The most direct means of suppressing a fire in- 
volve (a) cooling the fuel to a point below its kindling or ignition 

temperature and (b) changing or modifying the atmosphere sur- 
rounding the fuel, or altering the fuel itself, in such a manner 
that a combustible mixture no longer exists. There are, of course, 
‘such indirect methods as isolating the burning fuel so that it will 
burn itself out. Also, as each portion of a fire is extinguished, that 

portion will then no longer assist other regions to burn by aid of 
its transmitted heat, and this indirectly will have a beneficial 
effect in facilitating the suppression of the remainder. 

The first two means of direct suppression mentioned are of 
principal interest here, and, although they will be discussed indi- 
vidually, it is difficult to separate the two effects in any actual 
experiment. For example, cooling undoubtedly is an important 

- factor in the blowing out of a match, but at the same time there 
is a good possibility that the fast-moving stream of breath also 
dilutes the combustible mixture of air and the gases emitted 
from the match to such an extent that combustion is no longer 
possible. Hence it is not obvious whether the match flame is 
extinguished because the fuel is cooled below its ignition point or 
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if the gas mixture is made too lean by an excess of air. Un- 
doubtedly, both effects are responsible. 

Extinguishment conceivably might be made with a very small 
amount of cooling, provided the cooling could all be applied 
suddenly to a very thin layer on the surface of the burning wood. 
Assisting the extinguishment, there is the possibility that the 
cooled surface charcoal may act as an absorbing medium for the 
gases generated in the interior, thus momentarily reducing or 
even stopping the flow of gases which otherwise would diffuse out 
to support gaseous combustion. Presumably, the surface could 
then be below the ignition temperature of either the charcoal or 
the generated gases. Consequently, the temperature would be 
redistributed throughout the wood, and a short time later the 
surface temperature might then again be well above the ignition 
temperatures of either the charcoal or the gases. However, if 
only the surface were cooled, there is no reason to expect that the 
generation of gases within the hot interior would cease. Thus, 
consequently, one can readily imagine the resumption of condi- 
tions that existed before the extinguishment. With sufficient 
heat removal in the last instance, the new distribution of tem- 
perature following the extinguishment would have been below the 
ignition point of the fuels. Hence, if enough heat to make up this 
deficit is not provided by the surroundings, the fire would re- 
main extinguished unless appreciable gas generation continued 
and sparks or other external igniters were present 

Aside from immediate extinguishment, another desirable effect 
that can result from cooling is a reduction of the destructive 
distillation process. To accomplish this second benefit effect- 
ively, the cooling should be such that the temperature of the 
wood itself, and not merely that of the flame, is reduced. Thus 
it appears that the optimum cooling would require sufficient heat 
removal on the surface of the wood at least momentarily to stop 
the flame and enough interior cooling to suppress the destructive 
distillation and prevent rekindling after temperature readjust- 
ment. 

It is practically impossible to apply an extinguishing agent on 
burning wood without in some way affecting the combustion 
mixture in the case of combustible gases or simply the oxygen 
availability in the case of charcoal burning. A low-velocity 
stream of air entering the combustion zone undoubtedly would 
enhance the burning since the fuel-to-oxygen ratio in wood fires 
is usually on the rich side. 
would an overly 


Only with a somewhat stronger blast 
lean mixture result. In the suppression of 
forest-type fires where explosives are used, this principle has 
questionable value because of the danger of spreading the fire by 
blasting burning materials into unburned areas. Rendering 
the fuel-air mixture too rich for combustion is much more feasible 
in fire suppression than making the mixture too lean. Typical 
tactics are smothering with dirt to keep out air or displacing the 
air by a gas which contains no available oxygen, such as carbon 
dioxide 

Undoubtedly, the most effective agent for the suppression of 
wood fires is water. Owing to its high specifie heat as a liquid 
and its very high latent heat of vaporization, it is potentially an 
excellent coolant. Upon evaporization its high specific volume 
also makes it capable of displacing a correspondingly large vol- 
ume of air, hence giving it good smothering qualities. In fact, 
upon evaporation at 212 F at atmospheric pressure, one unit vol- 
ume of water becomes approximately 1700 volume units of steam. 
Furthermore, steam is a fairly good absorber of radiation and thus 
provides a shielding effect that might serve to reduce the radiant 
heat received from the adjoining flames by the fuel being sprayed. 

From our present knowledge it is difficult to evaluate the rela- 
tive importance of each of the foregoing functions of water in 
suppressing wood fires. All are useful and are present to some 
degree in water spray. In practice, however, not all of the spray 
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will reach the burning specimens and contribute directly to their 
cooling. Some of the spray will be carried away by wind and 
convection currents while some may be evaporated. Other drops 
—* impinge on the hot surface but bounce or run off without 
Be any cooling. This latter loss of effectiveness may be 
a: remedied in part by increasing the affinity of water for wood as, 
- example, through the use of wetting agents. 
A porous solid such as wood, under certain conditions, can 
be made to contain both adsorbed and absorbed water. Ad- 
’ sorbed water implies that a thin film of water exists over the sur- 
_ faces of the porous walls (internal as well as external) whereas 
pa the absorbed water fills the interstices of the porous solid. To 
- facilitate wetting wood in either manner, the water must have 
some affinity for the wood. This property can be enhanced by 
"adding surface-active agents such as wetting agents to the water. 
Some wetting agents may have strong “spread-wetting” char- 
acteristics. These agents must possess low surface tension, and 
consequently, probably aid adsorption. To have strong ab- 
sorption characteristics, it would seem that strong capillarity 
0M and thus high surface tension would be needed. If this reason- 
ing is correct, it would appear impossible to have both the best 
absorption and the best adsorption qualities simultaneously. 
sae course, from a practical standpoint the important thing may 
be to get sufficient water to the wood quickly and let the distribu- 
_ tion between adsorption and absorption fall where it will. 
obvious difficulty to attaining well-distributed wetting in 
 forest-fire control is that of approaching any burning specimen 
ie: from more than one side. Consequently, only a portion of the 
it 7 surface area of any given specimen can be subjected directly to 
_ spray impingement. Even should the entire frontal area of the 
as burning material experience spray impingement and become suc- 
eh Mp cessfully wetted, there is no good reason to expect that this wet- 
_ ting alone would effect an extinguishment since roughly one half 
the original surface area involved in burning would remain un- 
_ wetted. However, if the water would spread from the frontal 
surface around to the opposite side of each specimen, the situa- 
: ie tion would be greatly improved. Wetting agents should help 
accomplish this end. 
The discussion to this point has centered around an individual 
_ specimen in a fire. It is felt that this approach should be the 
_ most logical one before attacking the over-all complicated situa- 
tion where for forest fires one would have to consider such 
effects as the size, shape, compactness, density, moisture content, 
initial temperature, and surface emissivity or absorbtivity of 
the fuel, the air temperature and relative humidity, the baro- 
metric pressure, the wind velocity, the ground slope, the emissive 
power, temperature, and shape of the flame, the physical and 
thermal properties of the suppressing agent, its affinity for the 
fuel, and its technique of use. In spite of man’s long experience 
with wood fires, he has a very incomplete understanding of the 
real basic mechanisms of the burning and the suppression of these 
fires. Much basic analysis and investigation remains to be done in 
understanding and devising more effective ways of combating 
_ this drain on our navural resources. 
In analytical studies it is recognized that it is not feasible to 
_ make an exact mathematical analysis of the complete action of 
suppression agents as they impinge upon a burning piece of wood 
and affect the temperature distribution with time within the 
piece. Due to difficulties in accounting for the changes in prop- 
erties of the wood with temperature, the charring of wood at a 
varying depth so that its composition gradually approaches that 
of charcoal, and the flow of volatile gases through the wood pores 
toward the atmosphere, a complete mathematical description is 
practically unobtainable. However, by assuming that the ma- 
terial is either wood or charcoal, depending upon the tempera- 
- tures involved, it is possible by analyzing certain idealized sys- 
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tems to obtain results which are useful in indicating the order of 
magnitude of the desired quantities and their variations or in 
bracketing the results within certain limits. 

The two analytical studies presented in this paper were con- 
ducted in order to gain an insight into the effect of the various 
heat-transfer mechanisms as they influence temperature dis- 
tributions with time on the surface and within a piece of wood 
as it burns and the fire is suppressed. The first study of the in- 
stantaneous interfacial temperature at the time of water im- 
pingement has been made in order to estimate how high the 
temperature of burning wood may be before the water which 
strikes it commences to boil upon contact. The second study 
has been made to investigate the thermal behavior in wood 
during burning and suppression by surface cooling, by pene- 
tration cooling, and by oxygen dilution. The first study was 
rather concise and was mathematical in nature. The second 
study was quite comprehensive and was facilitated by the use of 
an electrical analog computer, herein referred to as the thermal 
analyzer. 

Certain assumptions and properties of the involved materials 
were common to both studies and will be described. The fol- 
lowing assumptions were used : 


1 Each material was taken to be homogeneous. 

2 The effect of diffusion of volatile gases or liquids in the ma- 
terial was neglected. 

3 It was assumed that there were no heat sources or sinks 
within the material. 

4 The properties of the materials were assumed to be con- 
stant and not vary with temperature. 


Properties to represent water, wood, and charcoal, the mate- 
rials encountered in the analyses, were chosen by referring to 
several handbooks and by suggestions from W. L. Fons on the 
basis of his work in the measurement of ignition temperatures 
(4). The properties of water employed were those for standard 
conditions. To represent wood, the average properties of pon- 
derosa pine were used. Average values were likewise selected 
to represent charcoal. This information is presented in Table 1. 


TABLE 1 PROPERTIES OF MATERIALS USED IN ANALYTICAL 


Units Water Wood 
Btu/(hr) (sqft) 0.36 
(deg F/ft) 
ific heat, cp 1.00 
eight density, y 
0.0058 


Thermal a 
k/ep y) 


Quantity and symbol 
Thermal conductivity, & 


Charcoal 
0.05 
0.45 0.2 


31 15 
0.0072 0.017 


InsTANTANEOUS INTERFACIAL TEMPERATURE ON WATER 
IMPINGEMENT 


The point might be raised that when burning wood is first at- 
tacked with water spray, the initial droplets impinging on the hot 
charred surface of the wood might immediately vaporize or bounce. 
This is because it seems impossible for a droplet to wet a surface 
that is well above the boiling point of the droplet. As an example 
of this phenomenon, one can envision the action of a drop of water 
placed on the hot surface of an iron skillet where the drop im- 
mediately starts to boil and skitters about rapidly. If this ac- 
tivity occurs when water first strikes burning wood, wetting 
agents would probably have little, if any, initial advantage as 
boiling action would overshadow wetting action, and the bulk 
of the cooling necessarily would have to occur without the as- 
sumed advantage of wetting. 

To investigate these phenomena, use was made oi a mathemati- 
cal expression for the interfacial temperature of two semi-infinite 
solids following perfect contact with each other. This expression 
(derived in references 5, 9) is as follows. 
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TRANSACTIONS 


To = — 
ki/V + V a 


_ where 7° is the interfacial temperature, 7, and 7; are the initial 
uniform temperatures of the two semi-infinite bodies indicated 

_ by the subscripts 1 and 2, and the remaining symbols are as de- 

- fined in the nomenclature. This formula is valid at all times 
that these two semi-infinite solids of constant thermal properties 
are in perfect contact. Restricting attention to the instant of 
“aie contact and a limited time thereafter, considerable freedom of 
_ choice is permitted for the conditions of the two bodies. Since 


~ contact are needed to substitute in Equation {1] for computing the 
interfacial temperature at the instant of contact and a limited 


_be finite and may even be liquid since a certain amount of time 
must elapse before convection within the liquid can affect the 
interfacial temperature. In particular, one of the bodies may be 


the initia) interfacial temperature determined according to this 
equation does not exceed 212 F, the boiling point of water. 
Equation [1] has been used to compute the family of straight 
lines shown in Fig. 1. Here the initial surface temperature of 
charcoal, wood, and iron have been plotted against the initial 
water temperature for the condition that the instantaneous inter- 
facial temperature upon contact of the water on each of the 
solids would be 212 F. To make these computations it was neces- 
, 4 sary to determine only one additional point on each plot, since 
each relation is a straight line going through the 212 F point for 
both axes. Letting subscript 1 in Equation [1] apply to water, 
and subscript 2 apply to the solid materials, the solution was ob- 
tained by setting 7, = 0 and by solving for 7; to give a value of 
T) = 212 F. On substitution of a = k/c,y the following equa- 
tion was obtained for these computations 
wee = 212 E + 


m Values of the properties of the materials as given in Table 1 were 
4 substituted in Equation [2], and temperatures of 2810 and 1060 
, F were calculated for charcoal and wood, respectively. By using 
handbook values for its properties, a temperature of 233 F was 
similarly calculated for iron. Plotting these points yields the 
straight lines in Fig. 1. 


In Fig. 1 the lines are dashed below an initial water tempera- 
ture of 32 F to indicate that these values do not have any physi- 
cal significance owing to the change in phase of water to ice. 
Similarly, the line for wood is dashed above an initial temperature 
of 800 F, since at temperatures above this wood would be con- 
verted to a material whose properties more nearly resemble those 
of charcoal. 

In analyzing the results shown in Fig. 1 it is interesting to 

- note that, for an initial water temperature of 75 F, water would 
not commence to boil at the instant of impingement on hot char- 
coal unless the initial temperature of the charcoal was approxi- 
mately 1900 F. Even for water at 100 F, the charcoal would 
have to be at approximately 1600 F for instantaneous boiling to 
occur. On laboratory-scale fires (2) the highest temperatures 
measured on the surface of the burning wood were with one ex- 
ception within 100 deg of 1570 F. _ If these results are representa- 

s- tive (and they agree quite well with vatues reported by certain 
other investigators), it would indicate that the water drops will not 
eis instantaneously vaporize or bounce off upon impingement on 
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Fie. 1 Temperatures OF WATER AND SOLIDS FOR AN INSTANTANE- 
ous LnrerraciaL Temperature oF 212 F 


burning wood and that initially the wetting ability of a sup- 
pressing agent may be of importance. 

In attempting to verify these calculations, a thermocouple 
was embedded just below the surface of a stick of charcoal, and 
heat was applied. The highest temperature obtainable in this 
experiment was 1300 F, and at this temperature water drops 
(initially at room temperature ) wetted the surface instead of boil- 
ing instantaneously. Similar experiments were made using 
iron as the second material. For this the initial iron tempera- 
ture which caused water drops to boil instantly was 225 F. This 
very closely checked the calculated temperature as may be seen 
by reference to Fig. 1 for an initial water temperature of 70 F 


ANALOGOUS STUDIES IN SUPPRESSION OF Woop Fires 


Some of the complex phenomena involved in the burning and 
suppression of wood fires have been discussed qualitatively in the 
Introduction. Also it has been mentioned that in order to make 
a quantitative approach certain idealizations are necessary. 
Some of these idealizations were represented in the assumptions 
which were evolved in order that analytical solutions would be 
possible. Others entered in restricting the problem to typical 
cases representative of conditions actually encountered. 

For these studies attention was focused on a single piece of 
wood and the analytical representation of the physical and ther- 
mal conditions encountered by it. The viewpoint was taken that 
this piece of wood was surrounded by like neighboring pieces, all 
of which simultaneously were undergoing the same sequence of 
treatment. 

Certain values of temperature occurring during the sequence 
of burning, suppression, and reheating experienced by a piece 
of wood were selected for these studies. It was the aim to select 
temperatures as representative as possible of those occurring in 
the burning and the extinguishment of actual wood fires. Some 
of these were fixed by nature; however, most were selected as a 
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result of experimental measurements compared with values ob- 
served and reported by other investigators. The initial tem- 
perature of the material to be burned was taken to be 100 F. 
Similarly, the ambient-air temperature was selected as 100 F for 
the instances when no flame was present. 

For the sequence of burning, the temperature at the surface of 
the piece of wood was taken to become 1500 F suddenly and to 
remain at that temperature until suppression started. The basis 
of this temperature selection is described briefly in the preceding 
section on interfacial temperatures. Assisted by radiation and 
convection from some source and by its own burning, the surface 
_ of the piece was assumed to be heated to this temperature while 
its interior was heated by conduction. 

During burning, the transition of the wood to a substance 

whose properties resemble those of charcoal is somewhat gradual 
a " and depends upon the interior temperatures. On the basis of 
experimental measurements (3), a temperature of 800 F was se- 
Aa dee ‘ted for this transition of wood to charcoal. Consequently, 
7 tha _ wherever the interior of the piece was heated by conduction to 
met between 800 and 1500 F, it was represented by a material having 
properties of charcoal; likewise, if heated below 800 F, the prop- 
ao Se _ erties represented were those of wood. 
ie Following the burning and attendant interior heating, sup- 
__- pression was represented by conditions made as typical as pos- 
1 sible for surface cooling, penetration cooling, and oxygen dilu- 
tion. For the first two of these methods where water cooling was 
- involved, the temperature of the wetted surface or interior was 
assumed to be at the boiling point of water, 212 F, as long as the 
water for suppression existed on or in the stick. This tempera- 
‘a ture of the wetted portion was maintained until the water was 
completely vaporized with the amount of heat abstracted from 
the wooden piece by each pound of water vaporized being taken 
aes ae as equal to the latent heat of vaporization (970 Btu/Ib). That 
: 2 ee "the te mperature of the wetted portion would be at or slightly less 
a ¥ - than 212 F was shown by the previously described studies of 
interfacial temperatures. 

In these analytical studies the suppression of wood fires was 
idealized as consisting of two parts: (a) the flame and its associ- 
ated heat generation was instantaneously stopped and (b) the 
surface temperature of the fuel was lowered and retained below its 
kindling temperature. The possibility of reignition due to com- 
 bustible gases that might continue to be generated and be ignited 
_ by adjacent flame, sparks, and the like, and produce a flash back 
was not considered to exist in these analyses. Heat is necessarily 
~ removed from the fuel during part (b), but part (a) was assumed 

to be accomplished without the removal of heat. 

Following the cooling period, after which the heat of vaporiza- 

— tion of the applied water is utilized, the surface temperature of the 
piece of wood will begin to rise as heat is conducted toward the 
surface from the hot interior. Heat is also lost to the ambient by 
~ eonvection and by radiation at the surface, and this ultimately 
will cause the surface temperature to decrease. Thus at the 
surface a maximum temperature would be obtained at some time 
after the cooling period. If this maximum reheating tempera- 
ture equaled or exceeded the assumed ignition temperature of the 

- material, presumably reignition would occur with a resumption 
of burning about as it existed before the suppression. However, 
if the maximum reheating temperature were lower than the igni- 
tion temperature, presumably there would be complete ex- 
tinguishment since conditions thereafter would improve with 
the surface temperature decreasing as time increased. Thus the 
definition of complete extinguishment as used in these studies 
- involved the application of a suppressing agent to cool the wood 
at or close to its surface to 212 F for such a time that following 
this cooling period the surface temperature would not exceed the 


The ignition temperature for wood is not a fixed quantity and 
varies with many factors. For dry cellulose the ignition point 
may fall between 400 and 600 F and averages 540 F. The igni- 
tion points for typical combustible gases volatilized out of wood 
range from about 950 to 1400 F. Using oven temperatures of 
1000 to 1200 F, W. L. Fons (4) obtained an ignition temperature 
for ponderosa pine of 650 F. In later work, using lower oven 
temperatures, Fons obtained values as high as 820 F. For these 
analytical studies a rekindling temperature of the wood was 
chosen to be 600 F. It might appear that this value is low in 
view of those just reported; however, the higher values were 
obtaine ' for wood originally unburned and not for a wood mate- 
rial which had just been burned partially and suppressed. It 
seemed reasonable that reignition temperatures for this case 
would be lower than the original ignition temperature, and there- 
fore a more conservative value was chosen. 

For suppression by surface cooling, investigations were made 
which simulated the instantaneous application of water on the 
surface of the burning wood for particular periods of time. 
Different runs were made with different cooling times in order 
to obtain a rather complete range of the subsequent maximum 
reheating temperatures. During the cooling period, the simulated 
rate of heat removal was measured. By integrating this cool- 
ing rate over the cooling period, it was then possible to determine 
the total heat removal. From this and the latent heat of vaporiza- 
tion, the total amount of water and the thickness of the water 
layer applied to the surface could be calculated. 

The so-called “penetration” type cooling was considered in an 
endeavor to evaluate the cooling effect that would result from 
the penetration of water into burning wood. Although the sort 
of cooling assumed involved a hypothetical penetration that would 
not occur in actual systems, it did lend itself readily to analysis 
and quite probably produced a comparable subsequent maximum 
reheating temperature to that which would result from more 
realistic penetration achieved with the same amount of cooling. 
Without attempting to elucidate the details of the mechanisms 
for accomplishing the end result, it was assumed that the pene- 
tration cooling runs represented the case where, after the initia! 
burning, heat was removed suddenly so as to reduce the tem- 
perature to 212 F for a given depth into the material. The 
heat thus removed was taken to correspond to the latent heat of 
vaporization of a certain amount of water. This quantity of 
water might be assumed to be dispersed throughout the given 
depth instantaneously and to have no further effect beyond the 
cooling of the material to 212 F by its complete vaporization. 

One aim of this investigation was to compare the effects of sup- 
pression by surface and by penetration cooling. To establish 
thé equivalence of surface and penetration cooling, the various 
penetration distances p were taken in such a way ‘that the heat 
removed by the instaptaneous penetration cooling corre- 
sponded to the heat removed in a given time of surface cooling. 
This is illustrated in Fig. 2 where temperatures are plotted as 
ordinates against the distance within the slab from the surface as 
abscissas. Curve 1 illustrates, at the start of cooling, the dis- 
tribution of temperature within the slab due to its burning. Curve 
2 illustrates the temperature distribution at the end of a given 
time of surface cooling. The shaded area A, then represents the 
amount of heat that is removed during this surface-cooling period. 
For an equivalent penetration cooling run, the depth of pene- 
tration p was taken in such a way that the temperature was 
assumed to drop instantaneously to the cooling temperature Ty) = 
212 F for this depth, resulting in the removal of an equal amount 
of heat. The heat so removed by this penetration cooling is 
represented in the sketch by the shaded area A; and as described 
A, = Ay. After making surface- and penetration-cooling runs 
with this same amount of cooling, their effectiveness was com- 
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pared by comparing their subsequent maximum reheating tem- 
peratures. 

The oxygen-dilution runs represented the case where, after 
the initial burning, the flame of the burning wood was suddenly 


x) 0 


Temperature 


Distance from surface 
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snuffed out (as though the extinguishment were being achieved 
with CO,) and where with no applied cooling the surface tempera- 
ture dropped gradually due to radiation and convection to the 
ambient. Complete extinguishment was represented for this 
method by finding the time required for the surface tempera- 
ture to drop to 600 F. 

Before going into details on the runs made on the various slabs 
or cylinders of wood with the three methods of suppression, in- 
formation will be given on the general method of attack since that 
is believed to be of interest and as important as the immediate 
results. 

Because of complications in the boundary conditions and in 
the involved phenomena, obviously it would be impractical, if 
not impossible, to solve these problems experimentally with the 
prototype of the thermal system or to make solutions mathe- 
- matically even for the idealizations assumed. However, it is 
possible under certain circumstances to simulate systems in- 
volving heat conduction by means of fairly simple electrical sys- 
tems. The relative ease of measuring eléctrical quantities, as 
compared to thermal quantities, often makes an electrical anal- 
ogy an attractive method for studying such problems in heat 
conduction. Because of these reasons, the suppression studies 

were attacked using an electrical analog computer, called the 
thermal analyzer. The essential features of this analogy are 
developed for a one-dimensional heat-flow case. The develop- 
ment of the method for two and even three-dimensional heat 
flow is in principle an extension of this one-dimensional case and 
is not included. 

The analogy is established by developing separately and then 
comparing the equations for temperature and for voltage in the 
thermal system and its electrical analog, respectively.  Al- 
though the details establishing the thermal-electrical analogy 
are given in several articles and textbooks, they are oftered here, 
using a somewhat different approach from that usually pre- 
sented. 

Considering the homogeneous rod or slab of uniform cross- 
sectional area, A, with the constant thermal properties depicted 
in Fig. 3 (a), the transient conduction of heat is defined by the 
Fourier-Poisson partial differential equation 
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and by the boundary conditions at the two ends of the slab. Here 


thermal diffusivity 
{4} 


In these expressions the units of quantities are so chosen that dis- 
tance z is measured in feet and time @ is measured in hours. 
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The subscript ¢ is used to indicate quantities in the thermal sys- 
tem. 

Let the slab in Fig. 3 (a) be divided into N equal elements, 
each of length Ar as shown in Fig. 3 (6). The temperatures at 
the interfaces of each element will be designated as shown in this 
figure. The subscript n is used to indicate the interface between 
‘the nth and the n-plus-first element and may be given the suc- 


cessive values 


In applying Equation [3] to Fig. 3 (b) at any instant of time, the 


Perfect insulator 


Weat Capacity = 0 
[Thermal Conductivity = 0) 


Boundary Condition Defined 
by Particular Problem 


(a) THERMAL PROTOTYPE FOR SLAB 


(c) ANALOGOUS ELECTRICAL NETWORK 


(4) SINGLE MESH FROM ELECTRICAL NETWORK 


Fic. ILLusTRaTION oF ANALOGOUS THERMAL AND ELECTRICAL 


Circuits 


second derivative term on the right-hand side of the equation can 
be approximated by an expression involving finite differences as 


or? Ar 
— 2T, + Tas 


(Ar)? 


On substituting this in Equation [3] and by having n vary from 
1 to (N — 1), the temperature conditions in the slab may be 
represented by a system of (N — 1) simultaneous approximate 
ordinary differential equations of the form 


a 

= (Tr-1 — 27, + 
Expressions for the thermal resistance R; and the thermal ca- 
pacitance C, of each element may be obtained by making use of 
the factor a/(Ar)* in Equation [5]. By substituting values of 
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to R, ohms. 
_ by the use of the subscript ¢.) 


TAU x STOKER 


_ @from Equation [4] and by introducing the cross-sectional area 


_of the slab A this factor may be written as 


_@ kA 1 
(Ar)? Ar cpyAAr 
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To develop the analogy it will next be shown that the electri- 
cal network in Fig. 3 (c) satisfies a system of ordinary differential 
equations similar in form to those in Equation [8]. 

The electrical system in Fig. 3 (c) consists of a series of N- 
meshes, each of the type shown in Fig. 3 (d). The total elec- 
trical resistance in each mesh, which is the same as the resist- 

ance between condensers, is identical for each mesh and is equal 
(Quantities in the electrical system are distinguished 
Likewise, all condensers are taken 
to have the same electrical capacitance C, in farads. The 

voltages existing at the mesh junctions, which are midway be- 
tween the condensers, are designated by the symbol E with sub- 
scripts like those for the temperature T to denote the various 
- positions from points 0 to NV. The electrical current flow in am- 
peres in the corresponding resistors will be designated by the 
symbol i with the corresponding subscript. 


Thus, repre- 
_ sents the current flowing in the resistors joining at the point where 
E, is obtained. 

In order to indicate the voltage at the condenser halfway be- 
tween the points where /, and E,+, are obtained, the designa- 
tion will be used. Similarly £, —1/, represents the voltage 
at the condenser halfway between the points where E,—; and E, 
are obtained. 

The voltage £,, at the mesh junction may be expressed as 

(E +E {9} 
= /s g 
2 
Taking the derivative of this expression with respect to time 
yields 


1 dE,-1/, dE 
A, 


The general expression for the voltage developed across a con- 
denser which is being nn with a current 7 is 


By a similar process there can be obtained 


dEn+1/s 
d0. 


Substituting Equations [11] and [12] into Equation [10] yields 


dE, 1 
= tn tn 

2. ( i +1 

By applying Ohm’s law to the resistances R,/2 between the 

mid-point and the edges of the mesh, there can be obtained sd 
— En-1/, 

On substituting these two relations in the expression directly 

preceding, there results 


dE, 


nc. 


Here the sum of the middle two terms in the bracket is equal to 
-2 E, (from Equation [9]); therefore 


dE, 1 


2E. + Ens1) {13} 


If, in Equation [13], n is given the successive values from 1 
to (NV 1), there will be obtained a system of (N — 1) ordinary 
differential equations which will represent the voltage conditions 
in the electrical network, These equations will be identical in 
form to the system of equations from Equation [8], except that 
these are exact equations whereas those for the thermal system 
are approximate equations. It should be noted that the degree 
of approximation depends upon the value of Ar; the smaller 
this is, the better the approximation becomes. Hence, except 
for this difference, the voltage in the electrical network in Fig. 3 
(c) can be made analogous to the temperature in the thermal 
system of Fig. 3 (a) if the corresponding boundary conditions are 
imposed. 

In Equation [13] standard electrical units are used for the elec- 
trical quantities. When this is done, time for the electrical sys- 
tem @,, is measured in units of seconds. 

In order to interpret the quantities from the thermal system in 
terms of the analogous quantities from the electrical system, 
it is necessary to use certain conversion factors. These factors, 
designated as , m, and n, are defined as follows 


nO, = 0, 


factor which may be selected arbitrarily in order 
to let a given number of volts potential difference represent a 
3 By applying this : 7 ae value of temperature difference in degrees F. 

which converts thermal to electrical capacitance, may also 

Pe ee ae be arbitrarily selected within the limits of availability of the 
rs. Time for the two systems is related by the factor 


The factor 
E, Ya = 


S 


— in) dO, 


“As indicated previously, units for the two systems are so 
pf ease that time is measured in hours for the thermal system 
and in seconds for the electrical system. Thus, if n were to 
equal meee in Equation [16], 1 second of time on the thermal ana- 
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TRANSACTIONS OF THE ASME 


lyzer would represent the action during 1 hour in the thermal 

_ prototype. Obviously, this would be impractical particularly 

- since manual switching was employed on the thermal analyzer. 
Therefore, it was necessary that the factor n be sufficiently large 
so that the timing would be accurate and so that significant 
amounts of time would not be lost in switching operations. On 
the other hand, if too much time were allowed for measurements, 

~ accuracy would be lost due to the action of the leakage resistance 

_ of the condensers in the thermal analyzer. It had been esti- 
mated that the time constant of this condenser leakage was in 


factor should be selected so that runs could be made in less than 
100 or 200 sec. As a compromise, it was decided that a factor of 
n = 3600 would be used for the tests. A further advantage 


of this factor was that 1 sec on the thermal-analyzer runs would 
_ correspond to 1 sec in the thermal system. 
From a dimensional analysis of Equations [8] and {13}, it can 
be seen that the RC product terms in these equations must be 
a of the dimensions of time 
=; stant” for the respective parts. 


-actually the so called “time con- 
Therefore, it follows that 


= RC, 


By solving this expression for R, and by substituting the 
ue capacitance ratio from Equation {15], the equation relating re- 
___ sistances in the two systems is obtained as 


R. = mnk,.. {17} 


Another pair of analogous quantities is of interest. For the 
electrical system the quantity of electricity Q, in coulombs is 
given by 


E or fia 
dé, = 416, = 


with the equality being extended by using previously developed 
factors. By comparison of analogous quantities; it 
the total heat flow Q, in Btu is 


Therefore 


{18} 


For a slab, the necessary expressions in order to solve for the 
circuit parameters of an electrical network which is to represent 
one-dimensional heat flow have now been indicated. First a 
cross-sectional area A is selected; this is usually either the area 
of the slab or a unit area in the slab. Next, the slab is divided 
along its length into a convenient number of elements of length 
Ar. Better results follow if the Az-distances are made smaller 
in the regions where the greatest temperature changes are ex- 
pected to occur; this is usually near the surface. From the 
values of A and Az and the known thermal properties, k, c,, and 

y, values of R; and C;, the thermal resistance and the thermal 
capacitance, are computed from Equations [6] and [7] for each 
element. For this purpose each element with its area A and its 
corresponding Ar may be considered to define its elementary 
volume. In this volume the resistance is directly proportional to 
the length of path of the heat flow and inversely proportional 
to the cross-sectional area through which the heat flows. The 

capacitance is directly proportional to the volume and may be 
considered to be placed at the mean position of the mass repre- 
sented in the element. These concepts are useful since they may 


also be employed for other configurations than those found in 
slabs. 

From the values of R; and C, for each elementary volume, 
values of R, and C, may be computed using Equations [17] and 
(15). First, the conversion factor m must be chosen so that the 
electrical capacities will fall within the range available as indi- 
cated. The foregoing procedure then vields a fixed value for 
R.. If this value is not within a practical range, the quantities 
may be recomputed by selecting different values for m, A, or 
Ar. 

Once computed, the electrical resistors and condensers may 
be arranged in the network as shown in Fig. 3(c). However, it is 
usually more convenient to combine the adjacent pairs of re- 
sistors of value R./2 between condensers and to replace them by a 
single resistance. 

The formulas used in making calculations for an electrical net- 
work to represent the one-dimensional heat flow in a cylinder 
(radial symmetry) are the same as for a slab, except for the for- 
mulas for the thermal resistance and the thermal capacitance. 
These new formulas may be derived from the considerations of 
heat flow in a cylinder where it varies as the logarithm of the 
radius or from the representations of quantities for elementary 
volumes selected for various radial increments and treated as 
described immediately in the foregoing for a slab. In either 
case the following expressions would be obtained 


the 


Here L represents a length parallel to the axis of the cylinder, 
In indicates the natural logarithm, and r,.4; and r, are successive 
radial boundaries of the annular-shaped elementary volume. 

Calculating procedures for a cylinder are similar to those for a 
slab, except that an axial length L is selected instead of the area 
A and that Equations [19] and [20} are used instead of Equa- 
tions [6] and [7]. For the cylinder a certain amount of cut-and- 
try operation is frequently required in order to get the de- 
sired balance of values for Ar, R., and C,. The arrangement of 
the resistors and the condensers in the electrical network is also 
similar to that for Fig. 3 (c), with the position of each condenser 
representing the mean radial position of the mass for each ele- 
mentary volume. 

For two-dimensional heat flow in a cylinder the elementary 
volume is obtained by dividing the annulus-shaped elements into 
equal sectors. Thus the thermal capacitance representing the 
heat storage in the elementary volume is the same as that com- 
puted from Equation [20] divided by the number of radial 
sectors. The thermal resistance to heat flow in the radial direc- 
tion is the same as that computed from Equation [19] multi- 
plied by the number of radial sectors. By making use of Equa- 
tion [6] the thermal resistance to heat flow in the tangential 
direction becomes 


re 
R= (no. of sectors) 


. 
where r» is the mean radial position of the mass for the elemen- 
tary volume. By using the previously defined conversion fac- 
tors, values of electrical resistance and capacity may be com- 
puted for the thermal quantities. The arrangement of these 
circuit elements in the network is shown in Fig. 9 and in the cir- 
cuit diagram, Fig. 10. 

A necessary part of the analytical studies was to represent 
the heat lost by a burned piece of wood through convection and 
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radiation to ambient temperatures. Evaluations for this may 


1/hA 


heat flow rate, Btu/hr 

combined unit thermal conductance for convection and 

radiation, Btu /sq ft deg F hr 

surface area, sq ft 
surface temperature of wood, deg F es any 

T, = ambient air temperature, deg F eR 


tince rature diftere ence has been shown to be to to 


oe i= E/R. chat the quantity q is analogous to the electric 
current i and that the term 1/hA is analogous to the electrical 
resistance. The latter term must, therefore, be the thermal re- 
sistance due to the unit thermal conductance A and it may be 


a - Using Equation [17] to convert from thermal to electrical resist- 
M ’ are) ance and calling this electrical resistance R,, there is obtained 


thee oression 
nat 


¥ Numerical values were assigned to the unit thermal conduct- 
ance h by a consideration of the heat lost by convection and 
radiation to the surrounding air. The unit thermal convective 
conductance h, was evaluated for free convection around a cyl- 

z) inder by using information in reference (6). This was found to 
equal 2.5 Btu/sq ft deg F hr for T, = 100 F, 7, = 600 F (taken as 

: A, the average surface temperature of the wood during its reheating), 
sake Ne. and ro = 0.025 ft (the outside radius used for cases representing 
eylinders). The unit thermal radiative conductance h, was evalu- 
ae hs _ ated from plots in reference (7), giving values of h, for a Planckian 


(black-body) radiator for various values of temperatures. For 
ambient and surface temperatures of 100 and 600 F, respectively, h, 
is given as 4.0 Btu/sq ft deg F hr. The total or combined unit 
thermal conductance h is the sum of h, and h, or 6.5 for the indi- 
cated temperatures. Actually, the average surface temperature 
following suppression is probably less than 600 F since it varies 
between 212 F and the maximum reheating temperature 77. 
T, might be anywhere between 212 F and 1000 F, but was in the 
neighborhood of 600 F for the runs of greatest interest. Since 
the time average would probably be less than 600 F, the value 
h = 6.5 may be high for most runs. On the other hand h, is 
computed for free convection; actually, the composite effect of 
burning many sticks together would be to set up convection cur- 
rents which would be greater than those that one stick alone could 
produce. The increased air velocity would cause a greater heat 
transfer, and h. would be increased. After considering these 
effects, it was thought that a value of h = 6 probably would be 
most representative of actual conditions. However, to cover the 
possible deviations, various electrical resistors R, were calcu- 
lated and used in certain runs in the thermal analyzer to repre- 
sent values of h = 3.0, 6.0, and 9.0 Btu/sq ft deg Fhr. Physic- 
ally, the resistor Ry is connected across the input terminals to the 
network as shown in Figs. 4 and 10. 

Investigations were conducted on different networks repre- 
senting slabs or cylinders with temperature variations in one 
or two dimensions. In each network electrical capacitors and 
resistors were chosen to represent the thermal capacity and re- 
sistance of the prototype material which was either wood or 
charcoal, depending upon the initial heating. For the one- 
dimensional case, the properties of the material in the slab or 
cylinder are represented by the resistors R, to Ry and the 
capacitors C, to Cy as shown in the schematic diagram, Fig. 4. 
To the left of the network is shown a direct-current power supply 
with a voltmeter V, to measure the voltage Z, which was set at 
200 to represent the burning temperature, 1500 F. The ground 
or zero-voltage point, E. = 0, was used to represent the initial 
and the ambient temperatures of 100 F. A small portion of the 
voltage appearing across the resistor R, was amplified by a di- 
rect-current amplifier and applied to one channel of a two-channel 
Brush recorder, where it was recorded continuously against time. 
This voltage represented the temperature of the surface of the 


S$, Control 

Sg Penetration Switch 

Sy Oxygen Dilution Switch 

Power Suppl) Voltmeter 

Charcoal-Wood Interface Volteecter 


VVVV¥VV¥ 


be made g N : 
> 
where 
x 


TRANSACTION 


slab or cylinder. By a similar arrangement the voltage drop 
across the first half of R,; was recorded simultaneously on the sec- 
ond channel; from this voltage the current and then the heat-flow 
rate could be determined. The voltmeter V. were used to meas- 
ure the voltage at the interface between the charcoal and the 
wood elements; here 100 volts were used to represent the demarca- 
tion temperature of 800 F. The timer and the switching and 
relay arrangement were used as part of the suppression sequence 
and will be described later. 

Fig. 5 is a view of the thermal analyzer and its associated 
equipment. Aside from the switching panel in the top portion, 
the thermal analyzer is composed essentially of a series of elec- 
trical resistors and capacitances arranged with convenient re- 
ceptacles in 45 units. Each unit consists of six fixed condensers 
and two variable resistors and may be used to form one mesh 

representing an elementary volume of a slab or a cylinder. The 
fixed condensers may be connected to have any nominal values 
in steps of 0.25 microfarad up to a maximum of 15.75 micro- 
farads. Actual values as used were measured with a capacity 
bridge. The resistances could be varied up to 5 megohms. 
Connected externally to the thermal analyzer are the various 
meters, amplifiers, power supplies, timer, and two-channel auto- 
matic recorder. 

The surface-cooling runs were simulated on the thermal an- 
alyzer by the use of an arrangement whereby the network input 
terminals could be switched at certain times to voltages repre- 
senting the prescribed temperatures. With the network initially 
uncharged and with all switches in their normally “‘off’’ position, 

S, control switch shown in Fig. 4 would be set 
Then when the power-supply switch would be 
turned on, 200 volts simulating the burning temperature would 
be applied to the input terminals of the network until V2 indicated 

100 volts at the charcoal-wood interface position. At this time the 

control switch would be placed in position 2 to simulate the start 

of surface cooling. Section S, would start the timer; section S 


the ganged S, 


in position 1. 
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would switch the network input terminals to £, = 16 volts, obtained 
by a voltage-dividing arrangement from the 200-volt supply, to 
simulate the surface-cooling temperature of 212 F. This would 
be applied for times ranging usually from 0.10 to 16.00 sec. At 
the end of the surface-cooling period, as indicated by the timer, 
the control switch would be turned to position 3 where section 2 
would stop the timer and where section 1 would cause the re- 
sistance R, representing ambient, to be the only element con- 
nected across the input terminals to the network. Thus the 
voltage at the input terminals would rise and then fall, enabling 
the voltage representing the maximum reheating temperature 
1’, to be obtained from the recording tape. 
of a surface-cooling run is shown in Fig. 6. 


A typical tape record 


The procedure used for the penetration-cooling runs was simi- 
lar to that for the surface-cooling runs but with the following de- 
partures during the cooling period. It was necessary to short the 
condensers of the first few meshes to E, = 16 volts in order to simu- 
late the penetrating cooling which lowered the temperature to 212 
F for the corresponding depths. The penetrating switch S, in 
Fig. 4 would be turned to the ‘‘on"’ position for these runs causing 
the relay R, to be actuated during the cooling period. This 
would cause six normally open contacts to close and short to 
the 16-volt point as many of the first six condensers of the network 
as were connected to the relay contacts. At the same time a 
pair of normally closed contacts would open the network just 
inside the point where the last condenser was shorted so that the 
remaining portion of the network would not be altered appre- 
ciably by these switching operations. Also, the cooling time for 
these runs was kept as short as possible, a matter of a few hun- 
dredths of a second, in order to minimize any change in the volt- 
age distribution of the interior. Separate runs were made in 
which from one to as many as six of the condensers would be so 
shorted in order to simulate various penetration depths and to 
determine the effect on the subsequent maximum reheating tem- 
perature 


{ 
a 


5 


“TAU XE, STOKER—ANALYTICAL STUDIES IN THE SUPPRESSION on. WwooD FIRES 


(a) VOLTAGE OROP ACROSS INPUT 


6 Tare Recorp or Typica, THeRMAL-ANALYZER SURFACE- 
Coouine Run 


ce The equivalence of the surface and the penetration-cooling 
runs was determined by comparing the quantity of electricity 
removed during the cooling periods. As was shown in Fig. 2 
_ for the thermal prototype, this amounted to a comparison of the 
~ areas A, and A, which represented the amount of heat. For the 
-surface-cooling runs the quantity of electricity Q. was deter- 
mined by recording versus time the voltage drop across the first 
half of R,, Fig. 4; this was converted to current 7 and integrated 
_ from the recording tape with a planimeter to get Q, (in effect using 
ae Ji d0.). For the penetration runs the quantity of elec- 
tricity was determined by making use of the relation Q. 
SE dC, and by taking into account the manner that both E and 
Ce varied with “depth” in the networks. The assumption was 
made that Z varied linearly from £») = 200 volts at the “surface” to 
_ E = 100 at the charcoal-wood interface. This assumption was 
valid to within 3 per cent since the charcoal-layer thickness was 
usually a small fraction of the total slab thickness or cylinder 
radius. The variation of C,. with depth was taken as it actu- 
ally was computed and used in the networks. Thus Q, could be 
obtained for every penetration-cooling run and compared by 
_ cross-plots with the corresponding surface-cooling runs in order 
to obtain an equivalent surface-cooling run having a particular 
a , cooling time. Since the same heat removal would be involved, 
the two equivalent runs would require the same amount of water 
for suppression as viewed in this study, and their effectiveness 
could be compared by observing their values of maximum reheat- 
ing temperatures. The details in these comparisons required 
rather arduous calculations and are not included in paper 
but are given in reference (3). 
Calculations for the water-layer thickness 6 for each run were 
m: a as follows. The quantity of electricity Q, determined as 
indicated in the foregoing, was converted to a quantity of heat 
— Q by using Equation [18]. This quantity of heat was taken to 
be that given up by the vaporization of water of density y spread 
over an area A toa thickness 6. Thus Q, = HyA6é where H 
2 is the latent heat of vaporization of water. On equating the two 
expressions for Q, there is obtained 


fee Extinguishment by oxygen dilution was simulated in the runs 
Ms the aid of the oxygen-dilution switch S, which would be 
placed in the on position, Fig. 4. After the initial charging 
of the network, like that for the other types of runs, the control 
switch would be placed and left in position 2. Thus there would 
be no simulated cooling, and the network would discharge through 
Ry. From the tape recording, the time for the surface tempera- 
ture being — to drop to 600 F would be obtained. 


The slab for which one-dimensional heat-flow investigations 
were made was simulated by 10 electrical meshes representing 
charcoal, followed by 13 meshes representing wood, In addition 
to the properties listed in Table 1, the following numerical quan- 
tities were used in computing the electrical parameters for this 


A = 0.1 sq ft 
1 
@ = = volts/deg F 
‘ 
m = 300 Btu/deg F farads 
n = 3600 sec /hr 


Each of the 10 charcoal meshes represented a Ar = @. 001 ft, for 
which a typical mesh contained 


R, = 0.230 megohm 


C. = 1.065 microfarads 


The wood meshes following had the first 5 meshes with Ar = 0.001 
ft, and the next 8 meshes with Ar = 0.002 ft. This gave a slab 
of a nominal 0.030 ft thickness that could be viewed as being a 
0.060-ft-thick slab which was suppressed simultaneously from 
both sides. For a value of h = 6.0 Btu/sq ft deg F hr, Ry was 
computed to equal 1.80 megohms. 

To represent different degrees of establishment of the fire, 
various thicknesses of the charcoal layers were used in the runs. 
In addition to using 10 Ar (0.010 ft) of charcoal elements, runs 
were made with only 2 Ar (0.002 ft) and 5 Ar (0.005 ft) of char- 
coal elements on the surface of the wood. Also, in order to estab- 
lish what was thought to represent the most severe condition of 
initial burning, a series of runs was made on a complete charcoal 
slab of 30 elements (0.20 ft), which was charged initially with a 
simulated uniform temperature of 1500 F throughout its thick- 
ness. For all practical purposes this was found to represent a 
semi-infinite slab since considerable reductions in the slab thick- 
ness did not affect conditions appreciably on the surface for the 
times employed. 

The cylinder for the one-dimensional heat-flow investigations 
(radial symmetry) was simulated by 15 annular-shaped elements 
of wood at the center (0.020 ft in radius) with 10 elements of char- 
coal for a surface layer (0.080 ft thick), giving a total radius of 
0.030 ft. In addition to the properties of the material, the fol- 
lowing numerical quantities were used in computing the elec- 
trical parameters for this case: 


L = 1.00 ft 
= volts/deg F 
m = 154 Btu/deg F farads 
n = 3600 sec /hr 
In Table 2 the circuit parameters for this case are tabulated. 

Similar to that for the slab case, two degrees of burning were 
represented for the cylinder by making runs using 5 and 10 Ar of 
charcoal elements. Since the outside radius would change 
slightly with each of these charcoal-layer thicknesses, the values 
of R, would also change. For example, with h = 6.0 Btu/sq ft 
deg F hr, R, was found to equal 0.588 and 0.490 megohms for 
the respective 5 and 10 Ar of charcoal-layer thicknesses. 

For the slabs and cylinders thus far described, the cooling was 
considered to be applied instantaneously over the entire external 
surface, and in these cases the heat flow was unidimensional. 
Consideration was also given to a progressive cooling extending 
over the external surface of a cylinder giving rise to a two-dimen- 
sional flow of heat, tangentially as well as radially. This treat- 
ment would approach conditions in practice where in tied 
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TABLE 2 CIRCUIT PARAMETERS FOR CYLINDER WITH ONE- 


DIMENSIONAL HEAT FLOW 


Distance from Re, 
surface, ft h 


Material 
represented 
Charcoal 
Charcoal 
Charcoal 
Charcoal 
Charcoal 
Charcoal 


oo 


forest fires it is difficult to apply a suppressing agent on more 

re than one side of the pieces of burning wood. Also, from observa- 
7 a. tions of model laboratory fires (3) it was quite apparent that the 
mM frontal area of burning cylindrically shaped wood specimens on 
the side of the water spray was readily wetted but that the 
2 water spread rather slowly over the rear surface. This resulted 
in aren greater water requirement for complate extinguishment 


taneously, even though spreading over the rear surface could be 
facilitated somewhat by the use of wetting agents. Some fea- 
tures of this action are shown in Fig. 7. The line of symmetry 
appearing on the sketch is to some extent an idealization not 
actually realized unless the axis of the cylinder is vertical, because 
gravity influences the water film above the line somewhat differ- 
ently from that below the line. Notwithstanding this discrep- 
-_ ancy, it was felt that the more salient characteristics of the actual 
F Tah, cooling were retained when this symmetry was employed. 


Frontal ares Rear surface 


experiences 
slow spread 
wetting by 
file of water 


wetting 


. 
«Fig. 7. Werrine or Wire Water Sprsy From One 

Sips 


In order to use the thermal analyzer to study the surface tem- 
perature and the heat loss by this sort of cooling, the spreading 
of the surface cooling over the rear of the cylinder was necessarily 
done in diserete steps rather than continuously. The wood and 
the charcoal represented in this burning cylinder were divided 
into elements as indicated in Fig. 9. The six sectors were num- 
bered from 1 through 6, and the four radial divisions were desig- 
nated by letters a, b, c, and d. Essentially, the dimensions were 
the same as for the cylinder with one-dimensional heat flow with 
5 Ar, and the same conversion factors were used in computing the 
electrical circuit parameters. The circuit parameters for one 
sector in this arrangement are given in Table 3. These are essen- 
tially the same for all sectors except for the small differences in 
values of C,, due to variations from their nominal values. 

Fig. 8 illustr: ates the variations in surface temperature for ae 
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of the various sectors during a typical run. At the instant when 
cooling commenced, the cylinder was assumed to possess a tem- 
perature distribution resulting from the burning temperature, 
1500 F, being applied uniformly over the outside surface until 
the temperature at the charcoal-wood interface was 800 F. 
When this was achieved, a temperature of 212 F was imposed 
instantaneously on the front surface sectors 1, 2, and 3, with 1500 
F still prevailing over the rear surface sectors 4, 5, and 6. After 
a prescribed time interval, designated as 0,, the spreading time 
per sector, the surface of sector 4 was reduced instantaneously 
to 212 F. This same stepwise cooling was applied in turn to 
sectors 5 and 6, yielding a condition corresponding to the wetting 
being extended over the entire cylinder. After an additional 


TABLE 3 TYPICAL CIRCUIT PARAMETERS FOR ONE SECTOR 
OF CYLINDER WITH TWO-DIMENSIONAL HEAT FLOW 


Radial Tangential Ce, 
resistor resiator, micro- 
megohms megohms farads 


Distance from 
surface, ft 
0-0.0010 
0.0010-0 0056 
0.0056-0.0101 
0.0101-0.0145 


Material 
Annulus represented 
a Charcoal 
b Charcoal 
Wood 


Sector 


@ 


Surface Tesperatures, 


Fic. 8 Surrace-Temreratuke VARIATIONS oF Sxcrors 


YLINDER tN Two-DimensionaL Runs 


time interval representing the cooling time for the last sector 
4. the 212 F temperature was removed from the entire surface, 
and the surface temperatures of the various sectors were allowed 
to take whatever values they would as determined by the ambient 
conditions and by the existing internal distribution of tempera- 
ture. It is obvious from the longer heating and shorter cooling 
of sector 6 that it would achieve the highest 7, and be the most 
critical region in regard to rekindling. 

The schematic diagram fer investigations on the cylinder with 
two-dimensional heat, flow is*given in Fig. 10. The network re p- 
resenting this case is shown in the lower part, and the details of 
switching are shown in the upper part. The voltages obtained 
from the direct-current power supply and the voltage divider 
were the same as those used for the other cases investigated. A 
ganged five-section, seven-position switch S, was used as the con- 
trol switch. Section 1 was connected to the first three sectors of 
the network, while sections 2, 3, and 4 were connected to sectors 
4, 5, and 6, respectively. Section 5 was used in the timer circuit 
in a manner similar to that for the one-dimensional cases in Fig. 4 
and is not shown in this schematic diagram. With S, in position 
1, the network was made ready for charging. On turning to posi- 
tion 2, the switch applied the voltage /, to all sectors, causing 
the prescribed initial voltage distribution to be obtained in the 
network. When voltmeter V: at the charcoal-wood interface 
reached 100 volts, the switch was turned to position 3, producing a 


_ Voltage E. across the first three sectors, After a time 6, the 
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_ a Brush recorder to record the voltage across the last sector's 
ORs Another direct-current amplifier and Brush recorder were 
-. mployed to record the voltage across a small resistance in series 
with the leads from each sector to the divider where EZ. was ob- 

tained. This enabled the quantity of electricity removed for the 
ss entire sequence of spread,wetting and cooling to be measured 
so that the corresponding heat removal and average water-film 
thickness might be calculated. 
‘+ Bs & Only surface cooling runs with h = 6.0 Btu/sq ft deg F hr were 

-¢5 mployed in the investigations for the cylinder with two-dimen- 

S ~ sional heat flow. Spreading times 0, of 0.25, 1.0, and 8.0 sec per 
_ sector were used with the cooling times 6, for the last sector rang- 
ing from 0.25 to 8.0 sec. The value of Ry for each sector was 
7.05 megohms. Since the first three sectors were treated identic- 
; ally, each of their R, resistances was effectively in parallel and 
was replaced by a single resistor of value R,/3. 

Results from the previously described tests are presented in 
Figs. 11 to 15 and in Table 4. Though condensed considerably 
from a comprehensive research program, it is believed that the 
more representative and significant results are presented herein. 
In these figures 7’, the maximum reheating temperature is plotted 
as ordinate. The cooling time @. is plotted as abscissas in Fig. 
11, and on the rest, Figs. 12 to 15, the equivalent water-layer 
thickness 6 is plotted as abscissas 
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vs TABLE 4 SUMMARY OF OXYGEN-DILUTION RESULTS 
No. of charcoal 


Extinguishment 
Sz or i 


LY 
(Btu/sq ft deg F hr) time (sec)* 


Time for tempe sature to verease from 1500 to 600 F. 


Case 
investigated 
(e) Electrical Mesh Equivalent of One Element 
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6. 
6. 
6. 
6 
3 
3 
6 
6. 
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The effect of the degree of establishment of the fire for slabs can 
be seen from the curves for surface cooling of Fig. 11 and Fig. 12. 
This effect is also shown for the cylinder with one-dimensional 
heat flow in Fig. 13 for both surface and penetration cooling. 
Comparisons of these curves show a definite increase in the equiva- 
lent water-layer thickness and the cooling time as the charcoal 
layer is made thicker, corresponding to the greater stored heat 
"within the bodies in a more established fire. 

: A comparison of the effects of surface cooling and penetration 
nics ' cooling on extinguishment may be made from the curves plotted 
a ms in Fig. 13 and Fig. 14 for the cylinder with one-dimensional heat 
flow. It would appear from these curves that there is no clear-cut 
advantage of penetration cooling over surface cooling. There- 

fore, one might conclude that as far as the effect of cooling is con- 

cerned in extinguishing a wood fire as viewed in these studies, the 

_ penetration ability of the suppressing agent is not of great im- 
portance. In the extinguishment of actual fires, however, there 

_ may be other factors or mechanisms present for which penetration 

of the suppressing agent may either directly or indirectly con- 

tribute to the over-all effectiveness. On the other hand, from 

_ observations made during laboratory and field-test fires, it ap- 

peared that spread wetting was a desirable action in order that 


S, Contro! Switch 
¥, Power Supply Volteeter 


Crarcoal and Wood 
interface Vol teeter 


Fie. 10 Scuematic DiraGram ror THERMAL ANALYZER; 


Dimensronat Crtinpricat Runs 


switch was turned to position 4, producing a voltage E. across 
sector 4. In a similar fashion positions 5 and 6 connected the 
input terminals of sectors 5 and 6 to E.. After the cooling time 
6. for sector 6 had elapsed, the input terminals of all sectors were 
switched to their respective Ry resistors, and the value of 7’, for 
the last sector was measured using a direct-current amplifier and 


the fire might be extinguished on the side of a stick away from the 
spray. It is even conceivable that penetration action may be 
detrimental in slowing down spread wetting by causing the front 
part of the stick to become saturated with an excess amount of 
water that must first penetrate before it can build up to a 
sufficient thickness on the surface to spread wet. 

The effect of h, the combined unit thermal conductance for 
radiation and convection, on the results may be seen in Table 4 


0.0189" 
0.024" 
-----78 
>. 
¥ 
10 
Cylinder 
2 3 s ‘ 
+ 
ng 


Reheating Temperature 1, ( F) 


2 Ox's 
5 Ox's 
10 Ax's 
all charcoal 


Max imue 


0.2 0.5 


Cooling Time @ 


Fie. 11 


1000 


1.0 
(Seconds) 
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Maximum Reheating Temperature T, (°F) 


1.0 2.0 


Equivalent Water Layer Thickness, § (in 1o°3 inches) 


and in the curves in Fig. 14 for the cylinder with one-dimensional 
For each type of extinguishment there was a noticea- 


heat flow. 


The effect of the three spread-wetting rates used in the sur- 
cylinder with two-dimensional heat 
Comparable curves 


face-cooling runs for the 
flow may be seen in the curves in Fig. 15. 


the cylinder where instantaneous wetting on all sides 
lated. 


ment as for instantaneous wetting case. 
it can be seen that the equivalent water-layer thickness is de- 


creased if the spreading rate is increased. 


was simu- 
It was thought that the spread-wetting rate of 1 see per 


Also 


12. ror Stags With One-Dimenstonat Flow 
(h = 6.0 Btu/sq ft deg F hr; 


surface cooling.) 


What was thought to be the most striking result of all these 
tests was the comparatively small amounts of water required 
for extinguishment. For example, a layer of water approxi- 
mately 0.001 in. thick suddenly applied over the surface of a 
0.6-in-diam burning wood cylinder should be sufficient to sup- 
press the fire and prevent rekindling in the enbsequent rise of sur- 
face temperature. This gives a ratio of the volume of wood to 
the volume of water required for extinguishment approximately 
equal to 150/1. In certain laboratory and field-test fires (3), 
comparable ratios were in the order of 7/1,‘ thus showing the 
large room for improvement of techniques of extinguishing wood 
fires. 

A comparison of curves for the one-dimensional-heat flow cases 
shows that results for a cylinder are fairly closely approximated 
by results for a slab with comparable number of elements of char- 

‘ In recent tests (8), W. L. Fons has obtained ratios as high as 117/1, 


for laboratory model fires and 56/1 for field-test fires using burning 
stacks of logs. 
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Equivalent Water Layer Thickness, 3 (in 1073 inches) 


Fic. 14 


coal and values of h. This would tend to show that the geometry 
for these various cases does not influence the results as greatly as 
does the heat transfer in the portion of the material near the 
surface. 

Times for extinguishment in the oxygen dilution runs are listed 
in Table 4. These decrease in about the manner expected with 
the higher values of h and with the smaller degree of fire establish- 
ment indicated by the lower number of charcoal elements. Ex- 
cept for the severe case of the uniformly heated complete char- 
coal slab, extinguishment times range from about 2 to 8 sec for the 
representative value of h = 6.0 Btu/sq ft deg F hr. These 
times are approximately 5 to 10 times greater than the water- 
cooling times from the comparable surface cooling runs where a 
T, of 600 F was obtained. 


CONCLUSIONS 


1 When water at ordinary temperatures strikes burning wood, 
it will not boil instantaneously, and, consequently, initial wetting 
should be possible. 

2 The thicker water layers required f ater depths of 


THERMAL-ANALYZER Resuvts ror Crtinper One-Dimensionat Heat Fiow; 


(5 Az). 


charcoal show that more suppressing action is needed for extin- 
guishing the more established fires. 

3 There appears to be no significant difference in the values 
of the maximum reheating temperature obtained for the penetra- 
tion-cooling runs and the equivalent surface-cooling runs. 

4 For all types of extinguishment the value of the unit sur- 
face conductance h which affects the ambient cooling, has a sig- 
nificant influence on the maximum reheating temperature. 

5 A layer of water approximately 0.001 in. thick suddenly 
applied over the surface of a 0.6-in-diam burning wood cylinder 
should be sufficient to extinguish the fire and prevent rekindling. 
This gives a ratio of the volume of wood to the volume of water 
equal approximately to 150/1. 

6 If the frontal area of a 0.6-in-diam burning wood cylinder 
is wetted instantaneously and if four additional seconds are re- 
quired for the wetting to cover the entire rear portion, owing to a 
finite rate of spread, the amount of water required for extinguish- 
ment will be about two and one-half times as great as would be 
required if the entire wetting were instantaneous. 
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Maximum Reheating Temperature. 


0.25 sec, 


cylinder, two dim heat flow, 6, = 1.00 si 


cylinder, two dim. heat flow, 9, = 8.00 sec. 
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(in 1073 inches 


Fic. 15 Comparative THEeRMAL-ANALYZER Resvucts 
(Surface cooling with 5 Az and h = 6.0 Btu/sq ft deg F hr.) 


der of wood is decreased if the rate of spread wetting is increased. 

8 For one-dimensional heat flow, results for a cylinder are 
fairly closely approximated by results for a slab. 

9 Results for the oxygen-dilution runs, representing CO, ex- 
tinguishing, indicate that the times required for extinguishment 
range between about 2 and 8 sec for conditions that are believed 
to be most representative of actual situations. 
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